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Dear Sir: 

The Notice of Appeal in this case was filed on March 19, 2008. This Appeal Brief 
was previously filed on August 19, 2008, but was found defective for failure to comply 
with one or more provisions of 37 CFR 41 .37. This Appeal Brief is amended to correct 
the defects noted by the Examiner in the Notice of Non-Compliant Appeal Brief mailed 
November 17, 2008. 

As this amended Appeal Brief is being re-filed, and all appropriate Appeal Brief 
fees were previously paid, including extension of time fees. Applicants believe that no 
additional fees are due with this filing. However, if an additional extension is needed or 
a fee is due, please consider this a request therefor and charge Deposit Account No. 
03-2775, under Order No. 70120-00005-US, from which the undersigned is authorized 
to draw. 
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Vll. 
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Related Proceedings 



I. REAL PARTY IN INTEREST 

The real party in interest for this appeal is California Institute of Technology, the 
assignee of record of the entire right, title and interest in the subject patent application. 

II. RELATED APPEALS AND INTERFERENCES 

Applicants are aware of no related proceedings currently pending before the 

Board. 

III. STATUS OF CLAIMS 

A. Total Number of Claims in Application 

There are 82 claims that have been filed in the present application. 

B. Current Status of Claims 

1 . Claims canceled: 2, 9, 23-27, 34, 42, 59, 63-66, 68-77, and 80. 

2. Claims withdrawn from consideration but not canceled: None. 

3. Claims pending: 1,3-8, 10-22, 28-33, 35-41, 43-58, 60-62, 67, 78, 
79, 81, and 82. 

4. Claims allowed: None. 
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5. Claims rejected: 1,3-8, 10-22, 28-33, 35-41, 43-58, 60-62, 67, 78, 
79, 81, and 82. 

C. Claims On Appeal 

The claims on appeal are claims 1,3-8, 10-22, 28-33, 35-41, 43-58, 60-62, 67, 
78, 79, 81, and 82. Of these, claims 1, 29, 67, 78, and 79 are independent claims. 
Independent claims 78 and 79, and all dependent claims, stand or fall with the grounds 
of rejection identified below unless otherwise separately addressed. 

IV. STATUS OF AMENDMENTS 

Applicant filed an Amendment After Final Rejection pursuant to 37 CFR 41 .33(a) 
on August 19, 2008. That paper amended claims 1, 29, 78, and 79 and canceled claims 
2 and 34. The amendment was entered into the record by the Examiner on October 30, 
2008, as is confirmed by the Advisory Action mailed on November 5, 2008. (See Exhibit 
H.) Following that Advisory Action and entry of Applicants' claim amendments, claims 1 , 
3-8, 10-22, 28-33, 35-41, 43-58, 60-62, 67, 78, 79, 81, and 82 remain pending in the 
application. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

Each of the independent claims is directed toward an ultra-high Q micro-cavity 
resonator, which includes a micro-cavity supported by a substrate in the form of a pillar. 
Ultra-high Q values are generally considered Q values in excess of 1 .00 x 10^. (Spec, 
p. 2, II. 10-12.) In each of the claims on appeal, a Q value of at least 1.00 x 10^ is 
recited. The Q value is a measure of the stability of light within the micro-cavity, or in 
other words, it is an accepted method of describing the relationship between stored 
optical energy and the rate of dissipation of that energy within the micro-cavity. (Spec, 
p. 2, II. 2-4.) The higher the Q value for a micro-cavity, the longer it is capable of storing 
optical energy without appreciable loss. 
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A. Claim 1 is directed toward an ultra-high Q planar micro-cavity, having a Q 
value of at least 1 ,00 x 10^, which is supported by a substrate pillar. In this 
arrangement, optical energy travels along the inner surface of the micro-cavity. Support 
for claim 1 in the specification is as follows: 

Ultra-high Q planar micro-cavitv having a Q value of at least 1 ,00 x 10^ , This 
element is described in the specification at p, 6, II, 18-22; p, 8, II, 3-4; and p, 17, 
II. 12-16, and is shown in Fig. 1A-1C as reference numeral 110. 
A substrate in the form of a pillar supporting the micro-cavitv . This element is 
described in the specification at p, 6, 1, 23 to p. 7, 1, 4, and is shown in Figs, 1 A & 
IB as reference number 120. 

Wherebv optical energv travels along an inner surface of the ultra-high Q micro- 
cavitv . This limitation is described in the specification at p, 7, II, 8-13, 

B, Claim 29 is directed toward an optical material supported by a substrate. 
The optical material is meltable so that the periphery adheres to itself and forms an 
ultra-high Q planar micro-cavity having a Q value of at least 1 ,00 x 10^, In addition, 
optical energy travels along the inner surface of the micro-cavity. Support for claim 29 in 
the specification is as follows: 

Optical material . This element is described in the specification at p, 6, II, 18-22; p. 
8, II, 3-4; and p, 17, II, 12-16, and is shown in Fig, 1A-1C as reference numeral 
110. 

A substrate that supports the optical material . This element is described in the 
specification at p, 6, 1, 23 to p. 7, 1, 4, and is shown in Figs, 1 A & 1 B as reference 
number 120. 

The optical material is meltable bv heat so that the peripherv adheres to itself to 
form a planar micro-cavitv having a Q value of at least 1 ,00 x 10^ , This limitation 
on the optical material is described in the specification at p. 6, II. 21-22; p. 8, II. 3- 
4; p. 8, II. 18-22; p. 10,1. 12 to p. 11,1.6; and p. 17, II. 12-16, and is illustrated in 
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Fig. 2 as reference number 220 and in Fig. 3 as reference numbers 360, 370, 
and 380, 

Optical energy travels along an inner surface of the ultra-high Q micro-cavity . 
This limitation is described in the specification at p. 7, II. 8-10. 

C, Claim 67, like claim 1 , is directed toward an ultra-high Q planar micro- 
cavity, having a Q value of at least 1 ,00 x 10^, which is supported by a substrate pillar. 
Claim 67 includes the additional limitations that the ultra-high Q planar micro-cavity is 
toroid-shaped and formed from silica, and that the substrate is formed from silicon and 
is isotropically etched to form the pillar. Support for claim 67 in the specification is as 
listed above for claim 1 , with the additional limitations finding support as follows: 

Silica toroid-shaped micro-cavity . This element is described in the specification at 
p, 6, II, 18-22, and is shown in Fig, 1A-1C as reference numeral 110 
Isotropically etched silicon substrate . This element is described in the 
specification at p. 15, II. 15-23, and is shown in the Fig. 3 as reference numerals 
340 and 350, 

D, Claim 78, like claim 1 , is directed toward an ultra-high Q planar micro- 
cavity, having a Q value of at least 1 ,00 x 10®, which is supported by a substrate pillar. 
Claim 78 includes the additional limitation that the ultra-high Q planar micro-cavity 
includes a biotinylated surface. Support for claim 78 in the specification is as listed 
above for claim 1 , with the additional limitations finding support as follows: 

Ultra-high Q planar micro-cavity having a biotinylated surface . This element is 
described in the specification at p, 19, II, 2-10, 

E, Claim 79, like claim 29, is directed toward an optical material supported 
by a substrate, wherein the optical material is meltable so that the periphery adheres to 
itself and forms an ultra-high Q planar micro-cavity having a Q value of at least 1 .00 x 
10®. Claim 79 includes the additional limitation that the ultra-high Q planar micro-cavity 
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includes a biotinylated surface. Support for claim 79 in the specification is as listed 
above for claim 29, with the additional limitations finding support as follows: 

Ultra-high Q planar micro-cavity having a biotinylated surface . This element is 
described in the specification at p. 19, II. 2-10. 

F. Claim 81 depends from claim 1 and introduces the additional limitation 
that the ultra-high Q micro-cavity resonator has a root mean square roughness of 
several nanometers. Support for claim 81 in the specification is as listed above for claim 
1, with the additional limitations finding support as follows: 

Ultra-high Q planar micro-cavity having a root mean square roughness of several 
nanometers . This element is described in the specification at p. 12, II. 9-14. 

G. Claim 82 depends from claim 29 and introduces the additional limitation 
that the ultra-high Q micro-cavity resonator has a root mean square roughness of 
several nanometers. Support for claim 82 in the specification is as listed above for claim 
29, with the additional limitations finding support as follows: 

Ultra-high Q planar micro-cavity having a root mean square roughness of several 
nanometers . This element is described in the specification at p. 12, II. 9-14. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

Whether claims 1 , 3-8, 10-18, 22, 28-33, 35-41 , 43-47, 49-58, 62, 67, 81 , and 82 
are unpatentable under 35 U.S.C. § 103(a) over U.S. Patent No. 5,343,490 to McCall 
(Exhibit A; hereinafter "McCall") in view of U.S. Patent No. 6,259,717 to Stone et al. 
(Exhibit B; hereinafter "Stone"). 

VII. ARGUMENT 

A. Summary of the Argument 

At the center of the claimed micro-cavity resonator is an ultra-high Q planar 
micro-cavity, which has a Q value of at least 1 .00 x 10^. The benefits and advantages of 
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such an ultra-high Q nnicro-cavity have been recognized within the art, both prior and 
subsequent to the priority date of the present application. However, prior to Applicants' 
invention of the claimed micro-cavity resonator, no ultra-high Q planar micro-cavities 
having Q values of at least 1 .00 x 10^ existed. The cited prior art, while teaching the 
desirability of ultra-high Q planar micro-cavities, does not teach how to construct such 
planar micro-cavities to the level at which the skilled artisan would have any expectation 
of success when attempting to do so. In actuality, ultra-high Q planar micro-cavities are 
not simple to construct — the skilled artisan can't merely apply techniques used for 
constructing ultra-high Q spherical or other non-planar micro-cavities to construct an 
ultra-high Q planar micro-cavity. This simple truth is exhibited by the fact that peers 
have recognized, even more than four years after Applicants' priority date, that the ultra- 
high Q values achieved by Applicants' planar micro-cavity was still at least two orders of 
magnitude above any other known planar micro-cavity. 

B. Rejection under 35 U.S.C. ^ 1 03(a) over McCall in view of Stone 
The rejection of the claims at issue asserts that McCall teaches all limitations of 
the claim with the exception of the Q value being at least 1 .00 x 10®. The rejection 
further asserts that Stone teaches planar micro-cavity resonators having Q values 
exceeding 10^°. While the rejection accurately characterizes the teachings of McCall, 
the characterization of the teachings of Stone are far from accurate. Stone neither 
teaches planar micro-cavities, nor does it teach that planar micro-cavities are known to 
have Q values of at least 1 .00 x 10®. Most importantly. Stone does not impart any 
expectation of success to the skilled artisan for constructing a planar micro-cavity 
having a Q value in excess of 1 .00 x 10®. In re Vaeck, 947 F.2d 488, 493 (Fed. Cir. 
1991) (for a finding of obviousness, not only must the claimed invention be suggested to 
the person of ordinary skill in the art, but the prior art must also impart a reasonable 
expectation of success for making the claimed invention). During examination, 
Applicants presented independent evidence that a person of ordinary skill in the art 
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could not have had any reasonable expectation of success in view of the teachings of 
Stone. This evidence was in the form of actual attempts and failure to fabricate un ultra- 
high Q planar micro-cavity. Since Applicants' evidence was uncontroverted, the 
obviousness rejection cannot stand. 

1. Claims 1, 3-8. 10-18. 22. 28-33, 35-41. 43-47. 49-58. 62. 67. 78. 
and 79 

Each of claims 1 , 29, 67, 78, and 79 are independent, and each of the other 
claims ultimately depends from one of these independent claims. Each of the 
independent claims recites, in some form, a planar micro-cavity having a Q value of at 
least 1 .00 X 10®. This element is not found or taught in the cited prior art. 

a. McCall Teaches Planar Micro-Cavities 

According to the rejection of these claims, McCall teaches planar micro-cavities 
supported by a substrate pillar. The rejection acknowledges that McCall does not teach 
a Q value of at least 1 .00 x 1 0^. (See Exhibits E & G). Applicants do not dispute this 
characterization of the teachings of McCall. However, McCall is actually wholly silent as 
to the Q value of the disclosed micro-cavities. For this reason, the teaching of a planar 
micro-cavity having a Q value of at least 1 .00 x 10^ must be found elsewhere in the prior 
art for the obviousness rejection to stand. Certainly, the prior art of record does not 
disclose such planar micro-cavities. 

b. Stone Teaches Reducing the Q Value of a Non-Planar 
Micro-Cavity through Deformation 

Stone does not teach planar micro-cavities, let alone ultra-high Q planar micro- 
cavities. In fact, Stone does not even teach the construction of non-planar ultra-high Q 
micro-cavities. Rather, Stone starts with the assumption that symmetrical, ultra-high Q 
micro-cavities, such as cylindrical and spherical micro-cavities, are known in the art. 
(Stone, Column 1, lines 34-43; and Fig 1.) From these known, symmetrical, non-planar 
micro-cavities. Stone delves into the benefits of deforming symmetrical micro-cavities to 
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induce directional ennissions. (Stone, Column 1, line 66 -Colunnn 2, line 6.) Specifically, 
Stone discloses how a symmetrical micro-cavity may be deformed to control the 
location and direction of light output from the micro-cavity. (Stone, Column 2, lines 20- 
40.) In Figure 5, Stone shows a graph where the Q value versus deformation of a 
symmetrical micro-cavity is derived from numerical solutions to the wave equation. The 
Q values listed in this graph are not generated from actual micro-cavity resonators. In 
Figures Figs 3A and 3B, Stone shows a deformed cylindrical and a prolate spheroidal 
micro-cavity as examples of asymmetric micro-cavities. A fair reading of Stone leads to 
the conclusion, through implication, that ultra-high Q micro-cavities were known in the 
prior art. Most importantly. Stone does not clearly imply that ultra-high Q planar micro- 
cavities were known in the prior art, nor does it convey how to construct such planar 
micro-cavities. 

c. Extrinsic Evidence Supports a Finding of Non-Obviousness 
In response to the obviousness rejection. Applicants submitted the Declaration of 
Deniz K. Armani and its supporting exhibits (Exhibit C) as evidence that planar micro- 
cavities having Q values greater than 10^ were not obvious as of the priority date of the 
present application.^ The Armani Declaration provides uncontroverted evidence that (1) 
achieiving Q values in excess of 10® in a planar micro-cavity involves a high degree of 
technical difficulty, and (2) as of the priority date of the present application, and for at 
least 4 years thereafter, publications by independent authors confirm that attempts had 
been made to fabricate planar micro-cavities, and those attempts resulted in planar 
micro-cavities having Q values of no more than 10"^. The two articles attached as 
exhibits to the Armani Declaration were published in Optics Letters (Exhibit 1 to the 
Armani Declaration, hereinafter referred to as the "Optics Letters article") and IEEE 



^ The Armani Declaration and exhibits thereto were originally informally provided to the Examiner in 
advance of a telephonic interview Applicants conducted with the Examiner. (See Examiner's interview 
Summary, Exhibit F.) The Declaration and exhibits were later inserted into tine record as part of 
Applicants' interview summary (Exhibit G). 
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Journal of Selected Topics in Quantum Electronics (Exhibit 2 to the Arnnani Declaration, 
hereinafter referred to as the lEEEJ article"), respectively, both publications being well- 
known and respected within their respective communities. Moreover, Optics Letters is a 
peer reviewed journal, so statements made in it about the general state of the art at the 
time of publication carry the additional weight of scientific community approval, 

In the Optics Letters article, which was published in December 2004, the authors 
discuss planar micro-cavity resonators developed as the basis for the article. The Q 
value reported for those micro-cavity resonators is on the order of 10^. The article 
recognizes that non-planar micro-cavities, i.e., microspheres, were known with Q values 
approaching 10^°. {See p. 2861 of the Optics Letters article.) As for planar micro- 
cavities, the Optics Letters article recognizes that the highest known Q values were 
described in a Nature article published on February 27, 2003^ (hereinafter referred to as 
the "Nature article"), which was authored by the inventors of the present application. 
That Nature article, which has substantially the same disclosure as the present 
application, describes Q values on the order of 10®. The Optics Letters article thus 
demonstrates that, at the time the present application was filed, creating a planar micro- 
cavity having a Q value approaching within many orders of magnitude of 10® required 
such a high degree of technical skill that such planar micro-cavities have only previously 
existed through the processes described in the Nature article. Further, the Optics 
Letters article establishes that planar micro-cavities having Q values approaching 10® 
were not known to exist in the prior art even after the priority date of the present 
application. 

The lEEEJ article provides further evidence that planar micro-cavities having Q 
values approaching 10® were not known in the prior art to the present application. The 
lEEEJ article was published in March/April 2007 and describes fabrication of a planar 



^ D.K. Armani, T. J. Kippenberg, S. M. Spillane, & K. J. Vahala, "Ultra high-Q toroid microcavity on a 
chip", Nature, Vol. 421, No. 6929, pp. 925-929, Feb. 27, 2003. 
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nnicrotoroidal cavity fornned from silicon and integrated on a substrate with a tunable 
optical coupler. The unloaded Q value for this microtoroidal cavity was reported to be as 
high as 10^, still three orders of magnitude shy of the planar micro-cavity at issue in the 
claims. The lEEEJ article further indicates that the only known planar micro-cavities 
having Q values higher than 10^ were described in the Nature article. Thus, even more 
than four years following the priority date of the present application, planar micro- 
cavities having Q values in excess of 10^ were known to exist solely based on the 
description from a single source — the Nature article. The prior art of record, namely 
McCall and Stone, provides no indication that any planar micro-cavities having Q values 
in excess of 10^ existed, or were known to have existed, prior to the Applicants 
invention thereof. 

Where a reasonable expectation of success is required for establishing a prima 
facie case of obviousness, the claims at issue cannot be rendered obvious. See, In re 
Dow Cliemical Co., 837 F.2d 469, 473, 5 U.S.P.Q.2d (BNA) 1529, 1531 (Fed. Cir. 1988) 
("Both the suggestion and the expectation of success must be founded in the prior art, 
not in applicant's disclosure.") At best, the prior art represents an invitation to try and 
create a planar micro-cavity having a Q value in excess of 10^, but such an invitation to 
try is far from teaching how to accomplish such a feat. See Hybritecli Inc. v. Monoclonal 
Antibodies, Inc., 802 F.2d 1367, 1380 (Fed. Cir. 1986). In view of the evidence that 
others had tried and failed to fabricate ultra-high Q planar micro-cavities after 
Applicants' invention thereof, and considering the shortcomings in the respective 
teachings of McCall and Stone, the ordinary skilled artisan would have had no 
reasonable expectation of successfully creating a planar micro-cavity having a Q value 
of 10® or greater as of the priority date of the present application. 

Moreover, the two articles submitted by Applicants' as evidence of non- 
obviousness have been entirely ignored by the Examiner, who did not so much as 
address Applicants' evidence in either of the Examiner's Interview Summary (Exhibit F) 
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or the Advisory Action (Exhibit H). This evidence, which was published by wholly 
uninterested third parties, is a very strong indicator that the prior art of record does not 
render the claimed subject matter obvious. Without contravention by the Examiner, this 
evidence should be determinative of the issues presented, such that the obviousness 
rejection to claims 1,3-8, 10-18, 22, 28-33, 35-41, 43-47, 49-58, 62, 67, 78, and 79 can 
not stand. 

2. Claims 81 and 82 
In addition to the grounds for non-obviousness addressed in independent claims 
1 and 29 above, dependent claims 81 and 82 additionally recite that the micro-cavity 
resonators of claims 1 and 29, respectively, have "a root mean square (rms) roughness 
of several nanometers." The rejection asserts that McCall teaches that a reduction in 
the surface roughness is desirable to achieve higher Q values for the micro-cavity. 
While this characterization of McCall is accurate, the rejection fails to take into account 
that McCall and all other prior art of record fails to teach how a reduction in surface 
roughness is to be accomplished. McCall teaches the desirability of reducing the 
surface roughness, but utterly fails to teach how to accomplish that goal. For this 
additional reason, the claims 81 and 82 are not obvious over the cited prior art. 
Hybritech, 802 F.2d at 1380 (the prior art must also teach how to practice a claimed 
invention for a finding of obviousness to be upheld). 
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C. Conclusion 

For the foregoing reasons, Applicants submit that each of claims 1 , 3-8, 10-18, 
22, 28-33, 35-41 , 43-47, 49-58, 62, 67, 78, 79, 81 , and 82 are patentable over the 

combination of McCall and Stone and hereby request reversal of the rejections in this 
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APPENDIX A 

Claims Involved in the Appeal of Application Serial No. 10/678,354 

1 . (Previously Presented) An ultra-high Q micro-cavity resonator, comprising: 
an ultra-high Q micro-cavity having a Q value of at least 1 .00 x 10®, the micro- 
cavity being planar; and 

a substrate, 

portions of the substrate located below the ultra-high Q micro-cavity being 
removed to form a pillar, the pillar supporting the ultra-high Q micro-cavity, whereby 
optical energy travels along an inner surface of the ultra-high Q micro-cavity. 

2. (Cancelled) 

3. (Original) The resonator of claim 1 , the micro-cavity comprising an ultra- 
high Q silica micro-cavity. 

4. (Original) The resonator of claim 1 , the micro-cavity being substantially 
circular and having a diameter of about 10 micrometers to about 500 micrometers. 

5. (Original) The resonator of claim 1 , the micro-cavity having a toroid shape. 

6. (Original) The resonator of claim 5, the toroid-shaped micro-cavity having 
a thickness of about five to about ten micrometers. 

7. (Original) The resonator of claim 1 , the micro-cavity having an elliptical 

shape. 

8. (Original) The resonator of claim 1 , the micro-cavity being substantially 
parallel to a top surface of the pillar. 

9. (Canceled) 
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1 0. (Previously Presented) The resonator of claim 1 , the micro-cavity having a 
Q value of about 10^ to about 5x10^. 

1 1 . (Previously Presented) The resonator of claim 1 , the micro-cavity having a 
diameter of about 1 0 micrometers to about 30 micrometers and a Q value of about 500 
million. 

12. (Original) The resonator of claim 1 , the micro-cavity comprising a glass 
material having a melting point that is lower than a melting point of the substrate. 

1 3. (Original) The resonator of claim 1 , a resonant mode within the micro- 
cavity comprising a whispering-gallery mode (WGM). 

14. (Original) The resonator of claim 1 , the substrate comprising a silicon 
substrate. 

1 5. (Previously Presented) The resonator of claim 1 , the substrate underneath 
the micro-cavity being removed by an etchant. 

1 6. (Original) The resonator of claim 1 5, the etchant comprising a xenon 
difluoride (XeF2) gas. 

1 7. (Original) The resonator of claim 1 6, wherein the XeF2 gas isotropically 
etches the substrate beneath a periphery of the micro-cavity to form the pillar. 

18. (Original) The resonator of claim 1 7, the substrate comprising a silicon 
substrate. 

1 9. (Original) The resonator of claim 1 , the pillar having a tapered shape. 

20. (Previously Presented) The resonator of claim 1 , the micro-cavity including 
a rare earth dopant. 
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21 . (Original) The resonator of claim 20, the rare Earth dopant being erbium, 
ytterbium, or neodymium. 

22. (Previously Presented) The resonator of claim 1 , the micro-cavity including 
an optically active component, 

23. - 27. (Canceled) 

28. (Original) The resonator of claim 1 , the micro-cavity comprising a silica 
ultra-high Q micro-cavity, and the substrate comprising a silicon substrate. 

29. (Previously Presented) An ultra-high Q micro-cavity resonator, comprising: 
an optical material; and 

a substrate that supports the optical material, wherein 

the optical material is meltable by heat so that a periphery of the 
optical material adheres to itself to form an ultra-high Q micro-cavity 
having a Q value of at least 1 .00 x 1 0®, 

the micro-cavity is planar, and 

optical energy travels along an inner surface of the ultra-high Q 
micro-cavity. 

30. (Original) The resonator of claim 29, the optical material comprising silica. 

31 . (Original) The resonator of claim 29, the optical material comprising a 
glass material having a melting point that is lower than a melting point of the substrate. 

32. (Previously Presented) The resonator of claim 29, the optical material 
comprising a disk, wherein a diameter of the optical material becomes smaller when 
heated to form a disk. 



608254 



16 



Application No.: 10/678,354 Patent Docket: 70120-00005 

Appeal Brief 

33. (Previously Presented) The resonator of claim 32, wherein the diameter 
decreases until the molten optical material collapses after which the diameter remains 
substantially constant, 

34. (Cancelled) 

35. (Original) The resonator of claim 29, the ultra-high Q micro-cavity 

comprising an ultra-high Q silica micro-cavity. 

36. (Original) The resonator of claim 29, the ultra-high Q micro-cavity being 
substantially circular and having a diameter of about 10 micrometers to about 500 
micrometers 

37. (Original) The resonator of claim 29, the ultra-high Q micro-cavity having a 
toroid shape. 

38. (Original) The resonator of claim 37, the toroid having a thickness of about 
five to about ten micrometers. 

39. (Original) The resonator of claim 29, the ultra-high Q micro-resonator 
having an elliptical shape. 

40. (Original) The resonator of claim 29, the ultra-high Q micro-cavity being 
substantially parallel to a top surface of the pillar. 

41 . (Original) The resonator of claim 29, wherein a size of the ultra-high Q 
micro-cavity is limited by a size of a top surface of the substrate. 

42. (Canceled) 

43. (Previously Presented) The resonator of claim 29, the ultra-high Q micro- 
cavity having a Q value of about 1 0® to about 5x10®. 
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44. (Previously Presented) The resonator of claim 29, the ultra-high Q nnicro- 
cavity having a diameter of about 10 micrometers to about 30 micrometers and a Q 
value of about 500 million, 

45. (Original) The resonator of claim 29, a resonant mode within the ultra-high 
Q micro-cavity being a whispering-gallery mode (WGM), 

46. (Original) The resonator of claim 29, the substrate comprising a silicon 
substrate. 

47. (Original) The resonator of claim 29, wherein portions of the substrate 
located below the ultra-high Q micro-cavity are removed to form a pillar, the pillar 
supporting the ultra-high Q micro-cavity. 

48. (Previously Presented) The resonator of claim 47, the pillar having a 
tapered shape. 

49. (Previously Presented) The resonator of claim 29, the substrate 
underneath the periphery of the ultra-high Q micro-cavity being removed by an etchant. 

50. (Original) The resonator of claim 49, the etchant comprising xenon 
difluoride (XeF2) gas. 

51 . (Original) The resonator of claim 50, wherein the XeF2 gas isotropically 
etches the substrate beneath the periphery of the micro-cavity. 

52. (Original) The resonator of claim 29, the heat source comprising an 
Excimer laser. 

53. (Previously Presented) The resonator of claim 52, wherein the Excimer 
laser heats and liquefies the optical material. 
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54. (Original) The resonator of claim 29, the heat source comprising a CO2 

laser. 

55. (Original) The resonator of claim 54, wherein the CO2 laser emits radiation 
having a wavelength of about 10.6 micrometers. 

56. (Original) The resonator of claim 54, wherein the CO2 laser heats the 
optical material for about 1 microsecond to about 10 seconds. 

57. (Original) The resonator of claim 54, wherein the GO2 laser heats and 
liquefies the optical material. 

58. (Original) The resonator of claim 29, wherein the optical material 
comprises silica and the substrate comprises silicon. 

59. (Canceled) 

60. (Previously Presented) The resonator of claim 29, the ultra-high Q micro- 
cavity including a dopant. 

61 . (Original) The resonator of claim 60, the dopant being erbium, ytterbium, 
or neodymium. 

62. (Previously Presented) The resonator of claim 29, the ultra-high Q micro- 
cavity including an optically active component. 

63. -66. (Canceled) 

67. (Previously Presented) A planar micro-cavity resonator, comprising: 
an ultra-high Q toroid-shaped planar silica micro-cavity having a Q value of at 
least 1.00x10^; and 

a silicon substrate; 
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wherein portions of the silicon substrate located below a periphery of the 
ultra high-Q toroid-shaped planar silica micro-cavity are isotropically etched to form a 
silicon pillar, the silicon pillar supporting the ultra-high Q toroid-shaped planar silica 
micro-cavity, and wherein light energy traverses along an inner surface of the ultra-high 
Q toroid-shaped planar micro-cavity. 

68. - 77. (Canceled) 

78. (Previously Presented) A micro-cavity resonator, comprising: 

an ultra-high Q micro-cavity having a Q value of at least 1 .00 x 10® and having a 
biotinylated surface, the micro-cavity being planar; and 

a substrate, portions of the substrate located below the ultra-high micro-cavity 
being removed to form a pillar that supports the ultra-high Q micro-cavity, whereby 
optical energy travels along an inner surface of the micro-cavity. 

79. (Previously Presented) An ultra-high Q micro-cavity resonator, comprising: 
an optical material; and 

a substrate that supports the optical material, wherein 

the optical material is meltable by a heat source so that a periphery 
of the optical material adheres to itself to form an ultra-high Q micro- 
cavity, the ultra-high Q micro-cavity having a Q value of at least 1 .00 x 10® 
and having a biotinylated surface, 

the micro-cavity is planar, and 

optical energy travels along an inner surface of the ultra-high Q 
micro-cavity. 

80. (Canceled) 



81 . (Previously Presented) The ultra-high Q micro-cavity resonator of claim 1 
having a root mean square (rms) roughness of several nanometers. 
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82. (Previously Presented) The ultra-high Q micro-cavity resonator of claim 29 
having a root mean square (rms) roughness of several nanometers. 
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APPENDIX B 

A copy of evidence pursuant to §§ 1.130, 1.131, or 1.132 and/or evidence 
entered by or relied upon by the Examiner that is relevant to this appeal is attached 
hereto. 
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[57] ABSTRACT 

Device for electromagnetic emission depends on total 
internal reflection-on whispering gallery mode cavita- 
tion about the periphery of a disk-shaped element of 
sub-wavelength thickness. As a laser, operating above 
threshold, the design is alternative to that of the Surface 
Emitting Laser for integration in integrated circuitry- 
either all-optic or electro-optic. Operating below 
threshold, it may serve as a Light Emitting Diode. The 
same operational considerations-based on improved 
efficacy for whispering gallery mode devices as due to 
relevant dimension/s of sub-wavelength thickness-is of 
consequence for a category of devices serving other 
than as simple emitters. Such three port devices may 
serve as switches, modulators, etc. 

27 Oaims, 5 Drawing Sheets 
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order of microns to accommodate integration size de- 

WmSPERING MODE MICRO-RESONATOR sire. 

An important category of devices in accordance with 
This application is a continuation-in-part of co-pend- the invention, provides for attainment of lasing thresh- 
ing application, Ser. No. 07/761207, filed Sep. 17, 1991, 5 old. The generic concept of the whispering mode mi- 
now abandoned. cro-resonator is usefully applied as well to structures 

BACKGROUND OF THE INVENTION Z^^'u "^T^^^IY' operation do not reach 

threshold. Resultmg Light Emitting Diodes may serve 

1. Technical Field many of the purposes of lasers with advantages in prac- 
A micro-resonator structure depends upon cavitation 10 tical terms of e.g. yield, power requirements, etc. One 

of whispering mode energy regardable as definmgcavi- contemplated use is as a switched element, in which 
tation about the perimeter of a sub-wavelength thick ftmctioning depends simply upon presence or absence 
active region of various configurations. Operatmg in of output, and not, e.g. on coherence, 
the lasing mode, it offers an alternative to the Surface Design variations with attention to critical dimen- 
Emitting Laser for incorporation in integrated circui- 15 sions and other parameters are discussed under "De- 
try — either all-optic or electro-optic. tailed Description". In general terms, operation de- 

2. Description of the Prior Art pends upon cavitation as involving three or more re- 
A general category of structures includes optical fleeting positions (as distinguished from usual two-mir- 

detectors as well as a variety of two port and three port ror cavities). Requirement for "total internal reflection" 

devices providing for modification either of output or 20 in usual contemplated devices — devices of micron/s 

input. Worldwide activity is consistent with the consen- dimensions — for usually/practically available index 

sus that the SEL offers promise of satisfaction of the contrast generally results in polygonal cavity path of 

longstanding desire for large-scale incorporation of four or more sides. 

active photonic devices in integrated circuits. Hope is It is beheved that the invention meets a need for 

based on the very low lasing threshold values which 25 replacement of purely electronic IC circuitry. It offers 

intrinsically reduce heating, usually PR heating losses low power consumption for constituent devices in pho- 

attendant on pumping considered central to frustration tonic as well as optoelectronic circuits. In-plane as well 

of this desire. as out-of-plane, light generation, in devices of micron 

Development of the SEL has entailed a number of size dimensions, permits the many inherent advantages 

design advances. Use of bulk active material has, to 30 of optical circuitry consistent with size and economic 

significant extent, yielded to quantum well struc- requirements. 

tures — ^including the ultimate single quantum well struc- At the same time, the efficacy of whispering gallery 
ture. Process variations have involved deposition tech- mode operation, as afforded by fractional wavelength, 
niques with a view both to compositional uniformity X, dimension, translates into a variety of optical devices 
and dimensional regularity. An area of considerable 35 which, together with simple laser and LED emitters, 
consequence has involved the sandwiching Distributed permit design of optical IC's serving the range of func- 
Bragg Reflector mirrors. Reported operating devices tions associated with traditional electronic IC's. Such 
dependably achieve reflectivities of 99+% as yielded devices include simple detectors dependent on effective 
by j=i 20-40 pair DBRs for 0.8-1.1 ptm wavelength emis- cavitation to improve sensitivity. Other device fimc- 
sion. This latter consideration — definition of the laser 40 tions include switching, amplification, wavelength ad- 
cavity in terms of DBRs — ^has been of primary conse- justment and variation, etc. Some such devices may 
quence in evolution of the SEL. Achievement of excel- introduce control signals via a third port or may use one 
lent reported reflectivities is ascribed to satisfaction of of the basic input or output ports, e.g. to change cavity 
very tight fabrication tolerances. Q. The purpose includes ampHtude change for a partic- 
On the other side of the ledger, achievement of each 45 ular wavelength being cavitated, as well as to shift 
new SEL design has depended critically on the DBR to, wavelength either regarding detection or output, 
in turn, result in considerable expense as well as some 

undesirable operational consequence. DBRs, as the BRIEF DESCRIPTION OF THE DRAWING 
name connotes, is distributed-significantly increases FIG. 1 is a perspective view of the prototypical disk- 
modal volume beyond that of the responsible active 50 shaped structure, usefully employed for tutorial pur- 
region. In the instance of a Single Quantum Well struc- poses, and also of practical significance, 
ture designed for operation at 1.3 jam, this consideration FIG. 2 is a diagrammatic view of a quadrant of a 
results in an increase of 20X- round disk structure in accordance with FIG. 1 with 
SUMMARY OF THE INVENTION representation of internal and penetratmg field hnes for 

55 one particular mode of operation. 

At the same time, desired population density in the FIGS. 3 through 6 are representations of some of the 

optical or hybrid device gives rise to need for a variety structures alternative to a simple planar disk: 

of passive as well as other types of active devices. A FIG. 3 is a perspective view of an octagonal struc- 

design approach alternative to the SEL depends upon ture, 

cavitation of energy in the form of "whispering gallery 60 FIG. 4 is a perspective view of a disk structure in 

modes" as supported within a thin element — an active which the peripheral region, within which whispering 

material element of thickness characteristically of a gallery mode energy is propagated, encloses a relatively 

maximum of a half wavelength (with the wavelength thin membrane, a membrane of mechanical or perfor- 

value as measured in bulk materisd) over some substan- mance consequence, 

tial portion of the fimctioning element. Cavitating en- 65 FIG. 5 is a perspective view, partly in cross-section, 

ergy is generally largely confined to a peripheral por- of a donut-shaped cavity agam including a membrane, 

tion of tiie element which latter may be of a variety of of performance characteristics related to those of FIG. 

configurations, generally of maximu m dimension of the 4 and FIG. 6 is a perspective view, partly in cross-sec- 
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tion, of a structure alternative to that of FIGS, 4 and 5 
in which modal action is within a peripheral path now 
of triangular section. 

FIG. 7 is a perspective view of a representative struc- 
ture — of a structure used in some of the examples herei- 5 
n — ^in which the disk-shaped element is supported upon 
a pedestal, e.g. as shaped by etching of the growth 
substrate. 

FIG. 8 is a perspective vie w of a structure providing 
for out-of-plane emission as resulting from grouped lo 
notches imposed in the peripheral mode path. 

FIG. 9, again a perspective view, illustrates coupling- 
extraction of in-plane emission. 

FIGS. 10 and 11 are perspective views depicting two 
device arrangements including electrodes for pumping, 15 
for signal input or signal output. 

FIG. 10 for electrodes straddling the active element 
and 

FIG. 11 for spaced electrodes on a single element 
surface. 20 

DETAILED DESCRIPTION 

Definition of Terms 

While term meaning and context will be familiar to 
experts in the field, likelihood of study by those of lesser 25 
expertise as well as on-going development justify this 
section. 

Disk — this is the active region, or active region-con- 
taining portion of the structure responsible for electro- 
magnetic emission, always of some degree of coherence 30 
as regards emitting devices — "emitters" as here defined. 
While for tutorial purposes this term is generally con- 
sidered as of circular configuration as defined between 
parallel surfaces of unvarying spacing, the term is in- 
tended to have a more generic meaning. In the generic 35 
sense, "disk'* defines structures in which preponderant 
cavitating energy is due to total internal reflection 
largely within such region/s. It is convenient to refer to 
the disk as defining a symmetrical structure, e.g. a circu- 
lar structure. As long as the fundamental requirement 40 
for total internal reflection is satisfied, the shape of the 
disk may be asynimetrical — ^in fact, providing for an 
oval structure may be advantageous in terms of cou- 
pling either input or output. In any event, a dimension 
(usually the "thickness" dimension) perpendicular to 45 
cavitation direction is but a fraction of a wavelength. 
This fraction, ordinarily ^0.5X, and in a category of 
preferred structures =i0.25X, is based on wavelength 
measurement within the structure — taking into account 
both bulk refractive index and variations introduced by 50 
small structural dimensions. The subscript, eff, has ref- 
erence to effective value so that n^j^^is a measure of the 
refractive index taking both factors into account. 

Mode — ^in terms of device design it is not grossly 
inaccurate to regard preferred structures as being gen- 55 
erally of single-mode operation. While this is strictly 
true only for varying thickness devices — with thickness 
varying radially — such as in the structure of FIG. 4, it 
continues to be approximately true for other contem- 
plated structures. In detailed terms, there is many-mode 60 
operation for many structures. Mode multiplication 
takes the form of radially dependent modes, N, as well 
as of varying peripheral modes, M or alternatively Mi. 
As described elsewhere. Mi defines the number of sides 
in the polygonal path of cavitating emission energy. 65 
The more general mode number, M, defines the number 
of undulations in the mode path without reference to 
the number of polygonal path sides. (An undulation is 
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considered as corresponding with a full sinusoidal 
wave.) 

Modal path — ^this contemplates the description imme- 
diately above. Polygonal sides in many circumstances 
consist of a single full wave (so that M=Mi). Operating 
structures, however, may depend upon modal paths in 
which M=Mi — in which there are multiple full waves, 
or under certain circumstances, but a half wave per side. 

Penetrating field — fields which penetrate from the 
active region into the surroimding medium. These are 
the fields which offer both facility for coupling into 
other elements of the circuit (either through perfect 
structure or through discontinuity — e.g., the grooved 
surface of FIG. 8) but at the same time are susceptible to 
unintended coupling to result in possible loss. 

Whispering gallery mode/whispering mode^ — this 
terminology, familiar to those concerned with inter- 
nally reflecting spherical as well as cylindrical struc- 
tures, defines the form of cavitation responsible — usu- 
ally in whole responsible — for operation of devices of 
the invention. Described in somewhat greater detail 
further on, the operation depends upon internal reflec- 
tion as resulting from incidence of cavitating energy on 
a peripheral structure at an angle ^ the "critical angle". 

Quantum well — ^it is generally understood this term 
refers to deviation from the hypothetical sphere defin- 
ing the effective region of an exciton — within an effec- 
tively limitless medium of constant refractive index. For 
purposes of this description — ^for purposes meaningful 
in terms of device design — the critical dimension of a 
quantum well must be at least 10% shorter than the 
diameter of such hypothetical sphere. 

Emitter — device of the invention in which function- 
ing relies on simple emission, i.e. on presence of optical 
output. 

Three Port Device — a device providing for three or 
more couplings with the disk — such couplings provid- 
ing for at least two inputs and one output. Contem- 
plated inputs accommodate pump energy and modulat- 
ing signal. The output provided for is modulated in 
accordance with modulating signal/s. While three port 
devices may include three position-identifiable cou- 
plings, a single physical port may designedly be used for 
both of the inputs. Such a device is here defmed as 
"three port" and is to be distinguished from "two port" 
devices in accordance with the following definition. 

Two Port Device — a device providing for two cou- 
plings only — for a single input and a single output. 
"Two port" devices are, accordingly, intended to be 
descriptive of an "emitter". It is intended to be generic, 
as well, in contemplating a "modulated output" — an 
output providing for some intelligence-bearing vaiia- 
tion such as, directional change, phase change, ampli- 
tude change, as well as simple presence and absence of 
output (in which presence, absence, interval of on or off 
is intelligence bearing), etc. Such a modulated output is 
as contemplated for a three port device, the difference 
being that the sole input is an already "modulated" 
input. The latter form of two port device makes use of 
the effective cavitation provided for by the invention in 
the direct cavitation of input. An example of the latter is 
a cavity enhanced detector. 

General 

The inventive class of micro-resonator structures 
present a large index contrast — a large change in refrac- 
tive index for optical energy of wavelengths of opera- 
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tional consequence — as between a functional, optically veniently be of some wavelength other than that of the 
thin semiconductor layer (the "active" region) and tela- cavitating energy, e.g. to better interface with subse- 
tively low index surrounding medium. Structures de- quent elements, etc. Output, regardless of energy form, 
pend upon mode cavitation similar to whispering gal- may be modulated or unmodulated. While likely op- 
lery modes as described, for example, by Lord Ray- 5 tical — of wavelength, phase, and of other characteris- 
leigh, "The Problem of the Whispering Gallery", Scien- tics of the cavitating energy — ^it may take other form, 
ti/ic Papers, Cambridge University, Cambridge, En- e.g., electronic. The piunp, if present, as always, serves 
gland, vol. 5, pp. 617-620 (1912) and T. Krauss, et al, to provide gain. Its output may take a variety of energy 
Electronics Letters, vol. 26, p. 2097 (1990). Dependence forms— of suitable optical or electronic form. As indi- 
upon critical angle internal reflection results in high 10 cated, two port devices may provide for modulated 
reflectivity without the bulk and increase in modal vol- output, but no gain. Two port devices may operate on 
ume associated with DBR mirrors. Fundamental re- the basis of coherent, as well as of information-bearing 
quirements for "total" internal reflection are well input. Such operation, in which no provision is made for 
known and are not discussed in detail. In general, the gain, may literally take the form of a three port device 
phenomenon as well as the precise angle value are set 15 in which two or more signals influence the output, 
forth in texts. Basically, the requirement that the wave- The modulating — or controlling — ^input may cause 
vector components parallel to the interface must be changes which alter the cavity resonance frequency or 
equal across the boimdary of required index contrast its Q value. One form of device using this phenomenon 
results in total internal reflection for incident angles may cancel the unmodulated output, e.g. by means of 
larger than sin~l (l/n^j^). Deviation is invariably in the 20 deUcate destructive phase interference. Such cancella- 
direction of other losses which, while generally of little tion may, in other instances, represent absence of (mod- 
consequence, dictate lesser angle values to the extent ulation) input so as to upset the balance to, in turn, result 
feasible. Generally, it is found that such loss, as critical in "on" responsive to presence of such input, 
angle is approached, is characteristically at a value of In basic terms the inventive advance depends upon 
perhaps 0.1%. A particular configuration providing for 25 the sensitivity of the internally reflecting cavity as con- 
an octagonal cavitation path within a smooth circular structed from critically-dimensioned sub-wavelength 
disk results in loss of approximately one part in 10^. material. Small energy loss is the consequence of dis- 

Operational advantages which are discussed in terms cussed characteristics — e.g. essential elimination of 

of emitters — largely lasers — are of the same value for higher modes as well as characteristics associated with 

other devices of the invention. 30 whispering gallery mode operation — e.g. essentially 

Until now, emphasis has been on emitters of the in- lossless reflection (as contrasted with losses associated 

vention. The same structural approach, in providing for with DBRs). In general, three port devices, as well as 

a thickness, or other dimension orthogonal to propagat- other devices of the invention, may otherwise function 

ing energy — providing for such a cavity dimen- in the fashion of prior art devices. For example, a bista- 

sion — improves operation for a variety of devices rela- 35 ble optical device may be switched by means of a light 

tive to "bulk operation". (This term is here defined as pulse introduced into the cavity through a third port, 

operation in which all cavity dimensions are equal to or Similarly, output characteristic— e.g. amplitude — may 

larger than one wavelength of the propagating ener- be controlled by such input. There are many such exam- 

gy — one wavelength as measured within the medium pies, 

and as influenced by future spacing and other character- 40 The drawing is in general terms as designed to serve 

istics of the device.) as basis for the improved cavity of the invention. It is 

A contemplated category of three port devices takes not designed to exphcitly serve as discussion of any of 

the form of microresonators in which output varia- the many possible device functions — two port or three 

tion — e.g, in direction, in ampHtude, in wavelength, or port. Any of the structures described in the figures may 

simply in "on-off operation" — is the consequence of a 45 serve many such fimctions. 

controllmg input— of a "signal input". Resisting noniin- Microstructures of the invention, while usefully em- 
ear optical response is the consequence of Q change or ployed as discrete devices, are of primary interest for 
of resonant frequency. Such operation is conveniently their value in integrated circuitry. In particular, operat- 
considered as analogous to the traditional electronic ing as lasers, permitted low power operation satisfies 
triode transistor. Since modulation, in most instances is 50 desire for low threshold consistent with small heat loss, 
due simply to change in refractive index for a single Contribution to this operating desire is advanced by 
cavity to which both input and output are intimately permitted effective matching between small gain vol- 
attached, the signal may be introduced at the pump or ume and single optical mode — generally the first TE 
output position. mode. Optical gain for disk modes is provided by one or 
For the most part the invention is conveniently dis- 55 more optically pumped quantum wells in the plane of 
cussed in terms of output which is optical, and which is the disk. Generally, active region thickness — for single 
otherwise of the character of the cavitating energy, e.g. quantum well jstructures, disk thickness— is less than 
of the same wavelength, phase, etc. In a very real sense, X/2nej^^2,000 A for X= 1.5 jLtm and Structures 
such output is, in fact, an extracted portion of the cavi- are desirably characterized by high index contrast as 
tating energy. While all contemplated devices provide 60 between the disk and the surrounding medium, in par- 
for such extraction, there is an important category of ticular, as concerns the disk region of greatest modal 
devices in which such extracted energy does not, itself, energy concentration. This contrast is generally defined 
serve as output. Example 4 is such an instance. Struc- as between active material — ^in accordance with usual 
tures, for example, as shown in FIGS. 10 and 11 may structures defined as including active layer/s together 
provide for electrical output. Detectors and other forms 65 with encompassing spacer/barrier layers. Surrounding 
of devices may convert such extracted optical (cavitat- media for structures described may be space— e.g., vac- 
ing) energy into electrical form as there discussed. Con- jxam or air — or some, likely passive, low index medium 
version may take other forms. Optical output may con- such as amorphous silica, Si02. The illustrative values 
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set forth translate into an index contrast (or index ratio) 
xieff/rio where n^ equals index of the surrounding me- 
dium. Index contrast of this order of magnitude or 
greater is attainable for likely operating wavelengths 
which are less than 1.5 jxm. Other considerations having 
to do e.g., with ease of fabrication, may dictate lesser 
contrast values. While the teachings of the invention 
may be implemented by appropriate variation in such 
design considerations as disk radius, other consider- 
ations such as desire for small size for convenient inte- 
gration, as well as fabrication ease, all suggest values of 
contrast of a minimimi of 1.3 or preferably greater, e.g., 
greater than 1.5. This high index contrast coupled with 
sub-X thickness dimension effectively confines the ac- 
tive optical mode/s and is a key feature in assuring 
effective overlap with the gain layer (i.e., with the ac- 
tive region — generally the quantum well active region). 

FIG. 7 depicts one form of structure designed with a 
view to the above considerations. It provides for a disk 
70 consisting of active region 71 sandwiched between 
spacer layers 72 and supported upon cylindrical pedes- 
tal 73 as fabricated from material initially serving as an 
epitaxial growth substrate, for example, in accordance 
with a procedure outlined below. 

Fabrication 

The device of FIG. 7, as used in Example 1, was 
fashioned from epitaxially-grown InP/InGaAsP lay- 
ered material. One such device consisted of a 100 A 
thick quantum well layer 71 of InGaAs sandwiched 30 
between 200 A thick barrier layers 72 of InGaAsP to 
result in a total disk 70 thickness of 500 A. In other 
work, use was made of a 1500 A disk consisting of 6 
such 100 A active layers as separated by barrier mate- 
rial. Initial growth was on an InP substrate part of 35 
which was retained upon etching to result in pedestal 
73. Photolithographic techniques were used to pattern 
disks with diameters of 3 jutm, 5 \xm and 10 p,m. An HCl 
solution was used to selectively etch substrate material 
while leaving the functional InGaAs/InGaAsP disk 40 
unetched. 

In a working example the InP pedestal 73 retains a 
rhombus shape cross section as due to the anisotropic 
nature of the HCl etchant. One such pedestal was ap- 
proximately 1 )Ltm in diameter and 2 jum in height, so 45 
leaving a peripheral region of radial dimension /xm 
within which index contrast is defined as between disk 
70 and ambient — ^in the instance of Example 1, of ambi- 
ent air. In another working example, such a structure 
was encapsulated in 0.5 jutm of SiOi deposited by Chem- 50 
ical Vapor Deposition. 

EXAMPLE 1 



8 

EXAMPLE 2 



A microdisk as described above, of diameter 5 jutm, is 
optically pumped with a HeNe laser operating at 55 
X=0.63 while cooling with liquid nitrogen. The spec- 
trum for the single quantum well structure lases at a 
center wavelength of 1.3 ^m with a spectral linewidth 
of < 1 A. The 1.3 jitm laser spike rises above the broad 
photoluminescent background by a factor approaching 60 
lOx. 

The threshold value for the structure of Example 1 is 
below 200 /LtW. Since the disk 70 has a volume of the 
order of 10-^ 12 cm^^^^ the pump power of the order of 1 
milliwatt is equivalent to a power density in the disk 65 
which approaches 10^ watts cm- 3. Heat sinking for the 
structure depicted in FIG. 7 is sufficient to prevent 
destructive temperature rise. 



The procedure of Example 1 is carried out for a 5 fxm 
diameter disk of thickness of 1500 A containing 6 quan- 
tum wells. Measured output laser power approaches 1 
M.W for a pump power slightly below 500 ftW. The spike 
intensity as coupled out vertically is more than 100 X 
greater than the background photoluminescence. 

Micro-cavity design, depends, inter alia, on active 
region film thickness approximating one-quarter wave- 
length, Xb (as measured in bulk material) — which may 
be increased to greater, still sub-\ thickness to increase 
figure of merit accounting for imperfections defining 
departure from the hypothetical device. High reflectiv- 
ity and sub-X thickness results in good matching effi- 
ciency between small gain volume and single optical 
mode to result in low power requirement, e.g., in low 
laser threshold. High index contrast reduces loss associ- 
ated with penetrating field, and enhances mode selectiv- 
ity. Designation of operating modes is yielded by solu- 
tion of Maxwell's equations (see, for example, J. D. 
Jackson, "Classical Electrodynamics", John Wiley & 
Sons, New York (1975)). Importantly, functional layers 
less than X/2 Ueffi in which xieffis the effective refractive 
index for electromagnetic wave energy at the device 
operational wavelength, X as measured in vacuum, sup- 
port only the lowest order TE and TM guided waves. 
For thickness value of approxin^iately X/4 n^j^, coupling 
to the TE mode dominates to such extent that interac- 
tions with TM waves as well as all unguided waves may 
be disregarded. 

EXAMPLE 3 

A six quantimi well structure similar to that of Exam- 
ple 2, of the form shown in FIG. 11 — 5 \xm. diameter, 
1500 A thick — is operated as an electrically pumped 
laser. Coupling of output is by means of a light guide of 
shape and spacing as diagrammaticaUy shown in FIG. 
9. The guide is of 800 juim in length and 4 jLtm in wid- 
th — the same guide used for coupling input energy to be 
detected in Example 4. Drive energy as applied across 
the spaced electrodes, consists of 1 milliampere pulses 
of 200 psec duration and 10 jitsec spacing to result in a 
repetition rate of lOVsec. Laser emission, as coupled 
into the light guide, is of 1.5 juim vacuum wavelength. 

EXAMPLE 4 

A structure as used in Example 3 — six quantum well, 
5 iLm diameter, 1500 A thickness — ^arranged in the con- 
figuration of FIG. 11 is operated as a two-port detec- 
tor — as a cavity-enhanced detector. For purposes of the 
Example, element 113 is a simple current meter. Input 
optical energy is coupled in by means of a light guide of 
the configuration of element 91 of FIG. 9. The dielec- 
tric light guide is 800 jutm in length and 4 jmm in width. 
Pulses of nominal wavelength 1.5 jam (always as mea- 
sured in vacuum) of approximately 200 psec as deliv- 
ered from the laser operated in accordance with Exam- 
ple 3, serve as signal to be detected. Output signal con- 
sists of current pulses approximately 0.4 microampere 
of duration of 175 psec. 

EXAMPLE 5 

A disk of the dimensions and otherwise of the charac- 
ter described in Example 4 is operated as a three-port, 
all-optical device. Provision is made for a first optical 
input by coupling with a dielectric light guide as de- 
scribed in Example 4. Light output is by means of a 



second guide of the same dimensions and character. 
Provision is made for a second optical input by means of 
a laser beam made incident on the broad upper face of 
the disk. Operation — device function — ^may take any of 
several forms. In one form, light entering by means of 5 
the first optical input is only seen at the output when the 
disk is pumped by laser light entering by means of the 
second input. In a second form of operation, the disk 
structure is brought just shy of lasing threshold by 
means of light entering by means of the second input. 10 
Light is seen at the output only upon light introduction 
by means of the first input. In this form of operation the 
device may be considered as a gated amplifier. 

A disk of the dimensions and otherwise of the charac- 
ter described in Example 4 is operated as a three-port, 15 
all-optical device. Provision is made for a first optical 
input by coupling with a dielectric light guide as de- 
scribed in Example 4. Light output is by means of a 
second guide of the same dimensions and character. 
Provision is made for a second optical input by means of 20 
a laser beam made incident on the broad upper face of 
the disk. Operation — device function — may take any of 
several forms. In one form, light entering by means of 
the first optical input is seen at the output when the disk 
is pumped by laser light entering by means of the sec- 25 
ond input. In a second form of operation, the disk struc- 
ture is brought just shy of lasing threshold by means of 
Ught entering by means of the second input. Lasing 
threshold is attained upon light introduction by means 
of the first input. In this form of operation the device 30 
may be considered as a gated amplifier. 

Active Region — Configuration, Dimensions 

Reference is made to FIGS. 1 through 6 in this sec- 
tion. 35 

A cautionaiy note — it is convenient to discuss de- 
vices in terms of ray optics (in terms of particles rather 
than of more complex but accurate wave energy). 
"Critical angles" for "total internal reflection", as well 
as cavitation paths defined in terms of bounce points are 40 
usefully employed. Inaccuracies so introduced are of 
particidar consequence for the involved dimensions — of 
the order of whole and fractional wavelengths. 

The polygonal path, simplistically representing the 
mode path, is generally discussed here in terms of Mi, 45 
the "mode number" corresponding with the number of 
sides of the polygon. The more general mode nimiber, 
M, corresponds with the number of undulations or os- 
cillations in the mode path without reference to nimiber 
of "bounces". (So, for example, a four-sided polygo- 50 
n — Ml =4 — ^may correspond with a path of a total of 8 
undulations or one wave per side.) 

FIGS. 1 through 6 are generally illustrative of a 
larger variety of configurations. 

FIG. 1 depicts a disk 10, having a smooth continuous 55 
curved edge 11, in this instance defining a circle. The 
figure is intended as representative of a subset of config- 
urations defined by parallel planar surfaces e.g., surfaces 
12 and 13, at least over some relevant region of the 
device, with such planar surfaces being separated by the 60 
critical sub-wavelength dimension 14, e.g. the usually 
preferred —J wavelength discussed. This subset is of 
lateral configuration which may be circular as well as 
elliptical or irregular shape. Dimensions and operating 
conditions are such as to result in cavitation defining 65 
octagonal path 15 (Mi::=::8). 

FIG. 2 is a contour map including a quadrant of disk 
20, representing positions of constant electromagnetic 
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field lines 21, for such values within disk 20 and lines 22 
for such values relating to penetrating field within re- 
gion 23 external to the disk. As depicted, Tnaxim iim 
positive field values are positioned at hillocks or peaks 
24 and maximum negative field values are positioned at 
depressions 25. Accordingly, FIG. 2 is representative of 
two undulations per quadrant, or eight undulations for 
the entire disk, so corresponding with an octagonal 
modal path such as path 15 of FIG. 1 in which each side 
of the path is made up of one full wave. Field portions 
represented by contour lines 22, in representing field 
penetrating to external region 23, are potential coupling 
areas but represent potential loss as well, e,g. as due to 
surface roughness-scattering as well as unintended cou- 
pling. 

FIG. 3 is representative of a subset of configurations 
again defined by parallel planar surfaces 30, 31 of criti- 
cal spacing as discussed, e.g. with regard to appropriate 
mode selection but, in this instance, defined by a perim- 
eter constituted of equal length fiat faces 32. As in other 
figures, the configuration shown is intended as repre- 
sentative of a larger class — e.g., as constituted by poly- 
gons, irregular as well as regular, of lesser or greater 
number of sides Modal path 33, shown as a broken line, 
is depicted as octagonal and, to first approximation, is 
equivalent to modal path 15 defined within a circular 
version of disk 10 of FIG. 1. Operationally, such a path 
33 as defined within a disk connecting positions 34 is 
equivalent to modal path 12 but for second order varia- 
tions, e.g. with regard to loss or other implication of 
variation in magnitude of penetrating field as related to 
the lateral thickness of material encompassing path 33 
particularly in proximity at positions 34. Representation 
is meant to include irregular as well as regular shapes so 
that, in this instance, sides 32 may be unequal in lateral 
dimension always providing for a predominant polygo- 
nal modal path, which while possibly of differing num- 
bers of undulations for different path lines, is so de- 
signed as to maximize desired coupling and to minimize 
undesired coupling. An irregular polygonal shape may, 
for example, serve to accommodate an arrangement 
such as that of FIG. 11 — ^to provide for an irregular 
path of more nearly constant coupling independence of 
the pedestal supports/electrodes shown. 

FIG. 4 depicts a cavity configuration physically dif- 
fering but functionally similar to that of FIG. 1. Critical 
spacing to acconmaodate the whispering modes, com- 
mon to all embodiments of the invention, is that be- 
tween surfaces 40 and 41, in this instance defining a 
smooth curved edge surface 42. Likely of littie device- 
function significance, although possibly involved in 
pumping — e.g. electrical or optical, membrane 43 may 
serve for physical stabilization of the structure. Edge 
44, together with a possible mating edge on the under- 
side of membrane 43, will be elemental in mode selec- 
tion — ^will be of influence in selection of a modal path of 
sufficient Mi as to lessen energetically unfavored field 
penetration. This figure is intended as representative of 
flat-sided (polygonal) as well as curve-sided structures, 
both of regular or irregular configuration. 

FIG. 5 is representative of a class of embodiments 
similar to that of FIG. 4 but depending upon modal path 
selection/containment within a perimeter region of 
varying thickness. The specific example shown depends 
upon a functional region 50 of generally circular cross- 
section as defined by surface 51. Again, structural rigid- 
ity is afforded by membrane 52 forming a continuum 
within the enclosed portion of region 50. Dimension 53 
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is relevant, e.g. from the standpoint of confinement, ant, e.g., to the InP — likely into the entirety before 

consistent with the inventive thrust — for a preferred etch-definition — ^may be desirable to lessen series resis- 

embodiment is \/Aneff. Again, as in FIG. 4, the lateral tance. Since now forming a junction — likely a pn junc- 

dimension of region 50 is determinative of mode selec- tion — conductivity-imparting dopant will be significant 

tion and, if of sub-wavelength dimension as discussed, 5 dopant, in one instance, n-type; in the other, p-type. 

may additionally offer useful confinement as well. Specific design parameters with a view to electrical 

FIG. 6 depicts a configuration alternative to FIG. 5. pumping are not properly within the province of this 

It depends upon a membrane 60 for stabQization of a description and are well known. 

modal path region 61 of cross section defined by sur- piG. 11, operating as an electrically pumped disk 

faces 62-65. As with other configurations depicted, the 10 structure 110 is alternative to that of FIG. 10. In this 

category represented may be of regular or irregular arrangement, positive and negative electrodes 111 and 

shape, may be defined by curved or faceted surfaces. xil, respectively, powered by dc current source 113, 

The particular toiangular cross-section shown is use- via leads 114, are affixed to a common plane 115 of disk 

fully anployed for more specific mode selection for no. Spacing and, more generally, positioning of elec- 

^ . ^ . ■ trodes 111 and 112 are such as to provide for a periph- 

Whde a significant advantage of the inventive ap- ^^al cavitation path of desirable independence of the 

proach as compared with that of the SEL involves electrodes and, if surface is of roughness to result in 

^iSr^fTT'^ ° i'Tf coup^g with other ele- performance-significant, unwanted scattering, of pe- 

^1 m*S^*°P/°'''H-u°LTr^"PiTon W surface 116. Regardless of configu^a- 

nWr ^,rf.nT?8i^H-«? ^ f defined by 20 ti^n-whether smooth or faceted-design optimizltion 

planar surfaces 81 and 82 within circular perimeter 83. « i* « j- i * . 

Grooves 84 are designed to couple a part of cavitating ? }l I f ^^J^^ dimension m 

energy, not shown out-of-plane In this version, whis the direction defmed by the electrodes. The resultag 

pering mode structures of the invention may serve in ^^^.^^ irregular polygonal configuration may better 

the manner of the famihar SEL, for example, in chip-to- 25 P^^Y/^,? ^^'^ lessenmg of unwanted coupling between 

chip communication. For cavitating energy in a clock- cavitating energy and the electrodes Alternatively 

wise direction, out-of-plane direction is determmed by ^^^.^ electrode/s may serve as well for couplmg of 

the angle of groove sides 85 as coupled with index con- emittmg energy. 

trast. In an alternative approach, counter clockwise Operatmg as a detector, element 113 is a current 
cavitation may result in out-of-plane emission by virtue 30 ^^her device sensitive to voltage developed 
of simple reflectivity of groove surfaces 85--^perhaps as electrodes 111 and 112. Examples 4 and 5 con- 
effected by use of mirror layer/s, not shown. ^^e as a detector— as a two-port, simple cavity- 

FIG. 9 depicts a disk structure 90 in proximity with enhanced detector, and as a three-port light pumped 
path member 91, so positioned and of such interspacing amplifying detector, respectively, 
as to provide for in-plane coupling. Experimental work 35 other Considerations 
mcludmg that reported in Examples 1 and 2 has in- 
volved light pumping. A number of considerations in- invention has been described in terms sufficient 
eluding ease of fabrication dictate this approach, and it ^o those of requisite skill in the art. Experimentally 
is likely that it will continue to define an area of conse- observed design/material implications have been set 
quence. On the other hand, the inventive principle, in 40 ^P^^ where relevant to matters under discussion. Addi- 
being generically based, upon whispering mode opera- tional observations are briefly noted, 
tionincritically thin structures, is not so limited. Princi- It has not been considered appropriate to exhaus- 
ple of operation is appUcable to the various pimip ar- tively describe presently available suitable active mate- 
rangements that have been found or may be found func- rials. In general, material choice is with regard to the 
tional. For many purposes, direct electrical pumping 45 same considerations as appUed to earlier laser struc- 
continues to be desirable — may justify fabrication com- tures. Choice is accordingly on the basis of desired 
plications which are aggravated at the small dimensions wavelength of operation with a view to a variety of 
contemplated. other matters, most importantly with regard to fabrica- 

FIGS. 10 and 11 depict electrically pumped lasers tion. 

otherwise in accordance with the foregoing. In FIG. 10 50 Selected pump power may serve to favor a particular 

thediskstructurelOO, which may take any of the forms desired mode. In certain experiments, for example, it 

described, may be regarded as electrically pumped by was found that decreasing pump power in a device 

means of straddling electrodes 101 and 102 shown as operating above lasing threshold often resulted in mode 

biased via circuit 103 as powered by power source 104. switching — in the instance of 5 /xm diameter, disks, in 

Alternatively, element 104 may be an element permit- 55 switching by 0.06 ju.m. This observation, usable for opti- 

ting operation as a detector. Simplistically, this element cal laser use, is consistent with a whispering mode hav- 

104 may be a current meter responsive to the emf devel- ing a modal number M =:i38. The lowest loss modes for 

oped across straddling electrodes 101 and 102 by virtue this structure appear to have a radial mode number N 

of cavitating energy responsive to pumping — e.g. re- =^=4. The mode so defined has a maximum energy modal 

sponsive to light pumping. In this use detection may 60 path which is sufficiently separated from the outer edge 

take the form of that described in Example 4 which to lessen loss due to surface scattering. In addition sepa- 

makes use of the alternate structure of FIG. 11. This ration from the pedestal is sufficient to prevent signifi- 

structural approach may find favor in that the elec- cant unwanted coupling. In this connection, it has been 

trodes may serve as physical support for one or both observed, as expected, that coupling, and therefore 

sides of disk 100. Either or both of the embracing elec- 65 surface emission, emanates from the two points of the 

trodes 101 and 102 may be formed by selective etching rhombus-shaped pedestal most distant from the center 

from a growth substrate as discussed in fabrication of of the disk, 

pedestal 73 of the structure of FIG. 7. Addition of dop- I claim: 



1. Apparatus comprising at least one element provid- 
ing for cavitation of electromagnetic energy with cavi- 
tation being primarily dependent upon whispering gal- 
lery modes in accordance with which modal path is 
defined within a body of high refractive index for such 5 
energy relative to refractive index of surrounding ambi- 
ent at an interface between such body and ambient, such 
path being polygonal and of at least three sides with 
retention being primarily due to incidence of cavitating 
wave energy at or below the critical angle defined at 10 
such interface 

Characterized in that the said element, at least over a 
region corresponding with a substantial portion of 
such cavitation path, has a dimension of a maxi- 
mum of \/2Tieff3S measured in a direction normal 15 
to the plane of the path, in which \ is the wave- 
length of cavitating energy as measured in a vac- 
uum and n^j^ris the actual refractive index for such 
cavitating energy, such value accoimting both for 
variation in bulk index for the medium of the body 20 
and for such variation on such bulk index as is 
introduced due to constraining surfaces, and in 
which such interface is of refractive index contrast 
for cavitating energy which is numerically equal to 
at least 1.5, such value yielded by the fraction 25 
-aeff/ns'm which n^^is the effective refractive index 
for cavitating energy within the said body and n^ is 
the refractive index for such energy outside the 
defkiing interface of such body. 

2. Apparatus of claim 1 in which said at least one 30 
element provides for electromagnetic emission of the 
wavelength and phase character of cavitation energy 

3. Apparatus of claim 2 in which the said normal 
dimension approximates the value X/Axieff. 

4. Apparatus of claim 2 in which a substantigd portion 35 
of such cavitation path is within a region in the said 
body defined by plane parallel flat interfaces. 

5. Apparatus of claim 2 in which such cavitation path 
is within a peripheral region of the said body and in 
which such peripheral region encloses an inner region 40 
which is substantially thinner than the said normal di- 
mension. 

6. Apparatus of claim 2 in which the said element is of 
maximimi dimension of the order of microns. 

7. Apparatus of claim 2 in which such element design- 45 
edly attains lasing threshold in operation, 

8. Apparatus of any of claims 1-7 in which the said 
cavitational path defines a polygon of at least four sides. 
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9. Apparatus of claim 2 together with means for cou- 
pling emitted energy. 

10. Apparatus of claim 9 in which such means pro- 
vide for in-plane coupling. 

11. Apparatus of claim 10 in which coupling includes 
a gap intermediate said element and the defined emis- 
sion path. 

12. Apparatus of claim 9 in which such means pro- 
vides for out-of-plane coupling. 

13. Apparatus of claim 12 in which such means entails 
at least one physical groove on a lateral surface of said 
body. 

14. Apparatus of claim 13 in which such means entails 
a plurality of such grooves. 

15. Apparatus of claim 2 comprising an integrated 
circuit. 

16. Apparatus of claim 15 in which said integrated 
circuit includes a plurality of said elements. 

17. Apparatus of claim 16 in which said integrated 
circuit is optoelectric. 

18. Apparatus of claim 17 in which said integrated 
circuit includes means for pumping said elements. 

19. Apparatus of claim 18 in which said means is 
optical and is provided by a laser pump. 

20. Apparatus of claim 1 in which said at least one 
element constitutes a three port device, the first port 
providing for input pump energy, the second port pro- 
viding for exiting output energy, and the third port 
providing for variation in some property of the output 
energy. 

21. Apparatus of claim 20 in which such property is 
time-dependent elimination of output energy so result- 
ing in intervals between output energy pulses. 

22. Apparatus of claim 20 in which such property is 
exiting direction. 

23. Apparatus of claim 20 in which such property is 
variation in amplitude. 

24. Apparatus of claim 20 in which such property is 
variation in phase. 

25. Apparatus of claim 1 in which said at least one 
element provides for electromagnetic input, a substan- 
tial part of which is of frequency and polarization to 
satisfy cavitation requirements. 

26. Apparatus of claim 25 in which said at least one 
element is a detector. 

27. Apparatus of claim 26 in which said at least one 
element provides for electrical output. 

* 4c 3fe « * 
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(57) ABSTRACT 

An asymmetric resonant optical cavity is constructed of an 
optically transmissive dielectric material having an index of 
refraction n. The cavity is configured as an oval cross- 
section of area A, having major and minor axes. An optical 
input couples an optical signal of wavelength X into the 
cavity. An output coupler is positioned in a near-field region 
of a surface point of the cavity thereby enabling coupling 
thereinto of optical energy of wavelength X. The surface 
point on the cavity is determined by a minimum value of an 
expression which relates the Sin of the angle of incidence, 
at an angle 0, to the curvature of the outer surface of the 
cavity. Further, the index of refraction n of the cavity's 
dielectric is chosen so as to avoid emission of physically 
separated beams at the point of exit of a beam 

5 Claims, 6 Drawing Sheets 
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FIG. 3A. FIG. 3B. 
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FIG. 5. 
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ASYMMETMC RESONANT OPTICAL 
CAVITY APPARATUS 

This Application is a continuation of U.S. patent appli- 
cation Ser. No. 08/725,127, filed Oct. 2, 1996, now U.S. Pat. 5 
No. 5,742,633. 

The U.S. Government has license rights to this invention 
as a result of partial support of its development under U. S. 
Army Research Office Grant DAAH 04-94-G 0031 and NSF 
grant DMR 9215065. 10 

FIELD OF THE INVENTION 

This invention relates to resonant optical cavities and, 
more particularly, to asymmetric optical cavities which 
provide directional light emission at a wavelength dependent 
upon the structure of the optical cavity. 

BACKGROUND OF THE INVENTION 

A new class of optical resonators is comprised of convex 
dielectric bodies which are substantially deformed from 
cylindrical or spherical symmetry. See: J. U. Nockel, A. D. 
Stone and R. K. Chang, Optics Letters 19, 1693 (1994); A. 
Mekis, J. U. Nockel, G. Chen, A. D. Stone and R. K. Chang, 
Phys. Rev. Lett. 75, 2682 (1995); J. U. Nockel and A. D. 
Stone, in Optical Processes in Microcavities, editted by R. 
K. Chang and A. J. Campillo (World Scientific Publishers, 
1996), Such asymmetric resonant cavities (henceforth 
ARCs) exhibit high-Q (quality factor) whispering gallery 
(WG) modes (Q>1000) at distortions as large as 50% of the 
undeformed radius, R, of the corresponding circular 
(symmetric) resonant cavity. The emission pattern from 
these modes is highly directional, in contrast to the isotropic 
emission from symmetric cavities. 

WG modes of symmetric cavities (dielectric spheres and 
cylinders) have high Q (long lifetime) because the light 35 
trapped in such a mode (when described by ray optics) 
always impinges on the boundary at the same (conserved) 
angle of incidence, where sin y>=lln (n is the index of 
refraction of the dielectric); hence the light is almost totally 
internally reflected. Due to the curvature of the surface, there 40 
is an exponentially small correction to the law of total 
internal reflection which allows light to escape after very 
long times (this is called "evanescent leakage"). In ARCs on 
the other hand, the dominant mechanism for emission of 
light is not evanescent leakage but direct refractive escape 45 
via Snell's law because the angle of incidence sin % is not 
conserved. In the ray-optics language these ARC resonances 
correspond to ray trajectories which initially are in WG 
orbits with sin x>lln, but after a large number of reflections 
with the boundary eventually impinge on it with sin x<lln 5Q 
and are then directly emitted according to Snell's law of 
refraction. The high-intensity regions in the near-field cor- 
respond to the regions on the boundary of the ARC where 
most of the refractive escape occurs; the far-field direction- 
ality can be determined by following the refracted rays. 55 

In FIG. 1, a prior art cylindrical resonator of radius R is 
shown. The motion of a Hght ray in a WG mode circulating 
around its cross-section is shown in FIG. 2a. The motion 
forms a regular pattern with the angle of incidence the same 
at each reflection. As noted above, since this angle is initially 50 
above the angle required for refractive escape and remains 
so indefinitely, escape of optical energy occurs isotropically 
(equally in all directions) by the exponentially slow process 
of evanescent leakage (this escape is not shown in the 
figure). 65 

Nockel, Stone and Chang, in the paper entitled ''Q spoil- 
ing and directionahty in deformed ring cavities", introduced 
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the idea that a deformation of the cross-section might induce 
directional emission due to refractive escape. The deforma- 
tion they considered, shown in FIG. 2b, causes irregular 
(chaotic) ray motion and leads to refractive escape at a point 
10 (FIG. 2b) with the far-field high emission directions 
shown in FIG. 2c. Note that the high emission directions are 
not parallel and hence intersect in the near-field leading to 
interference effects not describable by ray-optics. Moreover 
there are secondary (split) peaks at angles near those of the 
largest peaks. The near-field behavior of ARCs was not 
known at that time due to the limitations of the ray model 
used. 

The occurrence of multiple and non-parallel emitted 
beams make the prior art deformed resonator unsuitable for 
optical devices employing ARCs. Moreover the lack of 
information about the near-field radiation pattern of ARCs 
made it impossible to design input and output couplers for 
this resonator. 

SUMMARY OF THE INVENTION 

We have now determined that the high emission intensity 
points typically correspond to the regions of highest curva- 
ture on the ARC surface and that an ARC based on the 
deformation of FIG. 2b would produce non-parallel beams 
because the regions of highest curvature on the boundary are 
not 180° opposite one another. This defect is avoided in 
ARCs with two -fold reflection symmetry, as discussed 
below. It is also shown how to avoid the occurrence of 
multiple intersecting beams. 

Accordingly, it is an object of this invention to provide an 
ARC wherein the Ught is emitted at a predetermined location 
and in a predetermined direction. 

It is another object of this invention to provide an 
improved ARC wherein the emitted light comprises a single 
beam or parallel (no n- intersecting) beams. 

It is still another object of this invention to provide an 
ARC with predetermined Q -value and directional emission 
pattern so as to maximize the input-output coupUng to a 
range of optical devices. 

An asymmetric resonant optical cavity is constructed of 
an optically transmissive dielectric material having an index 
of refraction n. The cavity may be in the form of a cylinder 
with a cross-section deformed from circularity or a spheroid 
with an oblate or prolate deformation. These deformations 
should be larger than 1% of the undeformed radius R but it 
is crucial that they maintain convexity, i.e. at no point should 
the curvature of the relevant cross-section change its sign. In 
the cylindrical case the resulting cross-section should be 
oval in shape and we will use this descriptive term hence- 
forth. The oval cross-section will have a major (long) axis 
and a minor (short) axis and the ARC should have mirror 
symmetry with respect to both axes. The shape and index of 
refraction of the ARC is chosen so as to avoid multiple 
beams. For signal processing in optical communications, an 
ARC will be coupled in the near-field region to an input 
optical signal at a wavelength >. which is in resonance with 
one of the whispering gallery resonances of the ARC. 
Typically this signal will be transmitted (possibly in modi- 
fied form) through the ARC to an output coupler also 
positioned in the near field. The couplers must be oriented 
parallel to the tangent line at the point(s) of high emission 
intensity, which are determined (see below) to be approxi- 
mately the points of highest curvature of the boundary. 
ARCs may also be used in signal generation, for example as 
resonators in microlasers or LEDs. In signal generation 
ARCs will produce highly directional beams of light along 
directions tangent to the points of highest curvature. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic view of a symmetric optical cavity 
resonator of cylindrical shape, having a radius R. 

FIG. 2a is a ray tracing diagram of resonant ray paths 5 
within the optical resonator of FIG. 1. 

FIG. 2b is a ray tracing diagram of resonant ray paths 
when a deformation is introduced of the type discussed in N 
ockel et al.. Optics Letters 19, 1693 (1994). Points where 
refractive escape occurs are indicated. 10 

FIG. 2c is a polar plot of the far-field emission intensity 
for the deformation shown in FIG. 2b showing the multiple 
and intersecting beams which are avoided in the invention. 

FIG. 3a is a schematic of a deformed cylindrical ARC 
with appropriate shape to avoid multiple intersecting beams. 

FIG. 36 is a schematic of a prolate spheroidal ARC. 

FIG. 4 is a schematic diagram of the cross-section of an 
asymmetric resonant cavity which defines certain of the 
dimensions and quantities used in the analysis of ray paths 20 
within the cavity. 

FIG. 5 is a plot of the logarithm of the Q value of a typical 
ARC whispering gallery resonance as a function of defor- 
mation e for an ARC with a quadrupolar deformation. Three 
schematic pictures of the cross-section are shown for dif- 25 
ferent values of e. 

FIG. 6 is a plot of the electric field intensity of an ARC 
resonance as a function of distance from the surface of an 
ARC with a 12% distortion, a mean radius of R=7.5 jam, a 
refractive index n=2 and a resonant wavelength of 1.5 jbim 

FIG. 7 is a "surface of section" for a cylindrical ARC 
which represents many possible ray trajectories within the 
ARC. Each point on the plot represents one collision of a ray 
trajectory which occurs at that particular value of the sine of 
the angle of incidence sin and 0, the azimuthal angle (see 
definitions of FIG. 4). 

FIGS. 8(a)— 8(6) are plots of the intensity of light emitted 
from a quadrupole-deformed ARC versus angle 0 for n=2 
when there are two parallel beams and n=1.54 where there 4Q 
are four non-parallel beams emitted. 

FIGS. 9(fl)— 9(6) illustrates the experimental results con- 
firming the directional emission from a cylindrical ARC as 
described in the text. 

FIG. 10 is a schematic of a channel-dropping filter which 45 
makes use of ARCs incorporating the invention hereof. 

FIG. 11 is a schematic of an optical amplifier which 
makes use of ARCs incorporating the invention hereof. 

FIG. 12 is a schematic of wavelength converter which 

50 

makes use of ARCs incorporating the invention hereof. 

FIG. 13 is a schematic of a laser which makes use of an 
ARC incorporating the invention hereof. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 3 gives perspective drawings of cylindrical and 
spheroidal ARCs; FIG. 4 illustrates a cross-section 20 of the 
cylindrical ARC with the required reflection symmetry about 
the minor axis A and the major axis B. To describe the 60 
properties of the ARC 20 we must discuss the motion of a 
light ray within the ARC; we will use certain parameters to 
do so. A point on the outer surface 22 of the ARC is specified 
by a radius, r, and an angle 0 which can be measured from 
either of the axes A,B. A light ray 24 circulates in a WG 65 
mode within ARC 20 with an angle of incidence % defined 
at each reflection from the boundary as the angle between 
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ray 24 and the normal direction 28 which is drawn perpen- 
dicular to a tangent 30 at point of incidence 26. 

It is to be understood that the index of refraction n and the 
shape of the cross-section 20 determine the wavelengths of 
light which are resonantly enhanced along the ray path. The 
Q of the resonance determines how sharp is the resonance, 
i.e. how close to the prescribed wavelength the input signal 
must be to be resonantly enhanced or transmitted. Since the 
Q of the resonance is inversely proportional to its lifetime, 
there is a trade-off between greater frequency selectivity 
(higher Q) and faster switching capability (lower Q). By 
increasing the deformation of the ARC, the intrinsic Q of the 
resonances can be decreased from a very high value to any 
prescribed value which optimizes this trade-off. For light- 
wave communications at a switching rate of 5 Gigabits per 
second at the 1.53 micrometers communications 
wavelength, assuming a reasonable wavelength selectivity 
(bandwidth) of 0.05 nanometers requires a Q of order lO'^. 
The simplest useful cylindrical ARC has a cross-section 
given by the formula: 

R (1) 

r(0) = (1 +ecos2^). 

Vl +e2/2 

Here the parameter e measures the degree of deformation, 
the aspect ratio (ratio of minor to major axes) being (1-e)/ 
(l+e)»l-2e. e=0 corresponds to the case of a circular 
(symmetric) resonator. The shapes of the cross-section for 
three values of epsflon are shown in FIG. 5, where we also 
plot Q versus deformation for this ARC (obtained by 
numerical solution of the wave equation). Note that at 
roughly 10% deformation the Q value is in the range lO'^ 
which we estimated above was optimal for lightwave com- 
munications; whereas for symmetric resonators the intrinsic 
Q is much too large. 

Returning to FIG. 4, we now discuss directional coupling 
into and out of the ARC. Optical energy may be coupled into 
the ARC 20 by a variety of means, for example from a 
tangentially incident laser beam, perhaps combined with a 
prism coupler, or by an optical fiber 32 which is parallel to 
the tangent at the points of highest curvature and positioned 
within the nearfield of the outer surface 22. In FIG. 6 we 
show a plot of the numerically calculated light intensity 
from a WG resonance as a function of distance from the 
surface moving perpendicular to the points 40, 42 (FIG. 4). 
It is found that the near-field fall-off extends for a distance, 
d, where d is of order 10% of the radius R of the ARC. In 
order to have good coupling the fiber 32 must be positioned 
within this distance; if it is, then an optical signal at a 
resonant wavelength X will be coupled from the input 
waveguide 32 into the ARC 20 at the point 40, inducing a 
clock-wise propagating beam 24. This beam will then trans- 
mit the signal to the output fiber 44 in the form of beam 38 
which exits the ARC at the point 42 diametrically opposite 
the point of injection 40. The output signal 38 propagates 
parallel to the input signal, but in the opposite direction; 
some of the input signal is reinjected into the fiber at 40 as 
well. This configuration will be efficient only if: 1) The ARC 
has an appropriate shape and index of refraction. 2) The 
points 40, 42 are correctly chosen. 3) The coupling fibers are 
placed within the distance d. We now indicate how this is 
achieved. 

As discussed briefly above, a light ray initially trapped in 
an ARC resonance can ultimately escape by refraction, 
whereas this cannot occur for a symmetric cavity. In order to 
design an ARC with predictable and controllable emission. 
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which is also highly directional, it is then necessary to 
understand at what points on the boundary of the ARC this 
refractive escape occurs, and how to confine-this escape to 
a narrow region resulting in a highly directional beam. The 
motion of the light rays within an ARC is partially chaotic. 5 
That means that for a large fraction of initial conditions 
nearby ray trajectories diverge exponentially rapidly. There- 
fore the necessary concepts come from the theory of non- 
linear dynamics and chaos. We now present a brief summary 
of the most relevant concepts. 

In order to understand the high emission directions from 
ARCs, it is essential to analyze the ray dynamics in phase 
space, which in this context means analyzing not only where 
the trajectories of interest collide with the boundary, but also 
at what angle x they collide. The standard technique used in 
non-linear dynamics to obtain an understanding of such 
system is the Poincare surface of section (SOS). It is 
obtained by plotting, for successive reflections of a ray, the 
angular position 0 along the boundary surface 22 where the 
reflection occurs, and the value of sin % at this collision. 
Recording on the SOS a relatively small number of ray 20 
trajectories (—10-20) for about 500 reflections yields a 
detailed picture of the possible ray trajectories. Such a plot 
representing ray trajectories in the cylindrical ARC 
described by Eq. (1) is shown in FIG. 7. It exhibits three 
types of regions. First one sees regions of "random" dis- 25 
connected points which are caused by chaotic trajectories. 
Second there are closed curves 50 which are known as 
islands or island chains. The centers of these islands repre- 
sent stable periodic trajectories. A trajectory is periodic if it 
repeats itself after a finite number of collisions with the 30 
boundary and stable if a slight change in direction yields a 
trajectory which remains near the original one. These islands 
then represent possible regular (non-chaotic) ray trajecto- 
ries. Other types of non-chaotic trajectories can exist as well 
but are not relevant to this discussion. The thick solid lines 35 
52,54 represent the value of sin yj=\ln at which refractive 
escape is possible. Any trajectory which hits the boundary 
below those lines will escape with high probability, hence 
the points below the line are only for illustrative purposes 
and do not represent trajectories in a real ARC (but rather a 40 
hypothetical ARC with no refractive escape). The SOS 
shown in FIG. 7 is typical of cylindrical ARCs with two 
reflection symmetry axes, so it represents a case of practical 
interest. An ARC with precisely elliptical cross-section is 
unique as it has no chaotic trajectories and will behave 45 
differently from the generic case; hence this is not a pre- 
ferred embodiment of the invention. 

There are two crucial ideas for predicting the direction of 
light emission from such an ARC. First, a trajectory which 
starts anywhere in a chaotic region will eventually explore 50 
the whole chaotic region; however it will never cross over 
into the island regions. Second, as such a chaotic ray 
"explores" the chaotic region it does not actually move 
randomly within it, but rather for hundreds of collisions 
follows "adiabatic curves" given by the equation 55 

sin x(0)=^^''l^(l^S>(^)^, (2) 

where k(0) is the curvature of the interface and S is a 
constant parametrizing the curves; S is roughly equal to the 
average value of sin x on the curve and varies between 1 and 60 
0. Three examples of the adiabatic curves 56,58,60 for 
different values of S are drawn in FIG. 7, including two 
examples which are tangent to the bold lines delineating the 
angle at which refractive escape occurs. (The tendency of 
chaotic trajectories to follow these curves is not directly 65 
visible in the Figure, but is well-established by computer 
simulations). 
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We have determined that rays with initial conditions in the 
chaotic region and with an initial sin y>yx:\. will have the 
highest probability of escape exactly at the points at which 
the adiabatic curve is tangent to the escape hne, unless an 
island in the surface of section excludes those points from 
the chaotic region. The first points of tangency will be given 
by the minima of the function sin x(0) in Equation (2). It 
follows from the form of Equation (2) that these are the two 
points of highest curvature on the boundary. Hence the 
points of highest emission intensity can be found simply 
from Equation (2) or equivalently from a knowledge of the 
curvature of the ARC surface. FIG. 7 shows both the case 
where there is no blocking island which occurs for refractive 
index n=2; and the case with a blocking island, for refractive 
index, n=1.54. In the case n=1.54 (blocking island), light 
escapes equally on both sides of the island. Thus the case 
n=2 leads to two parallel beams, as illustrated in FIG. 4; 
whereas the latter case, n=1.54 leads to four intersecting 
beams. This difference is also seen in the far-field intensity 
patterns calculated in FIG. 8. For n=2 there are two peaks 
corresponding to the two parallel beams and for n=1.54 there 
are four peaks. Thus for an ARC of this shape a material with 
n«2 would be necessary to generate a single beam. In 
general, by using these concepts and Equation (2) we can 
design ARCs for which the points of high emission intensity 
are known and which do not generate multiple, non-parallel 
beams. 

Experimental evidence demonstrating the correctness of 
these concepts has been recently obtained from a measure- 
ment of the lasing emission produced by Hquid dye columns. 
Ethanol containing Rhodamine B dye was forced through 
circular and rectangular orifices. The dye column produced 
by the circular orifice (of radius 75 /im) is cylindrical, 
whereas that produced by the rectangular orifice (of dimen- 
sion 1000 /imx25 fxm) has an oval cross-section with an 
eccentricity which decays (because of viscous damping) 
until it is nearly circular at 2 cm from the orifice. The 
cross-sectional distortion which experiences the smallest 
damping is quadrupolar, so that we expect the dominant 
deformation to be roughly given by Eq. (1). Hence the dye 
column at the appropriate height provides a realization of a 
cylindrical quadrupolar ARC. The surface tension causes the 
major axis of the quadrupole to oscillate in orientation with 
respect to the long axis of the orifice. The index of refraction 
for ethanol is n«1.3 and there are no blocking islands at the 
high curvature points. Thus we expect to see high emission 
intensity in the direction perpendicular to the long axis of the 
deformed cross section which will be rotated by 90° with 
each half-cycle of the quadrupolar oscillation. The dye 
column was pumped with a 537 nm pulsed dye laser with 
pulse duration«^5 ns. The pump laser is oriented perpendicu- 
lar to the long-axis of the rectangular orifice. Two collection 
lenses set to f/22 were placed at 0° and 90° relative to the 
pump laser beam. By using mirrors and a beam splitter, 
lasing images produced by the two lenses were combined 
side by side on a single CCD detector and were recorded 
simultaneously with appropriate caHbration to preserve spa- 
tial correspondence anywhere along the column. As pre- 
dicted by the theory, we observe (FIG. 9a) a striking 
oscillatory rotation of the high emission intensity between 
the 90° and 0° images, commensurate with the oscillation of 
the deformation of the cross section. No such oscillatory 
behavior is observed in the lasing emission from the circular 
control column (FIG. 9(Z?)). This experiment demonstrates 
that the basic concepts for achieving useful directional 
emission from ARCs are sound and can be used in the design 
of optical devices. We now list four device designs which 
make use of the ARC invention. 



us 6,259; 

7 

Channel-dropping Filter 

The current state-of-the-art fiber-optic communications 
networks use wavelength-division-multiplexing to maxi- 
mize data transmission rates. These systems send different ^ 
signals simultaneously at many different wavelength and 
require channel-dropping filters to receive selectively each 
wavelength channel. FIG. 10 illustrates a channel-dropping 
filter employing the ARC resonator. The input fiber 100 is 
carrying signals on wavelengths X^, X3, . . . The ARCs 
102, 104 are constructed so as to have resonances at the 
wavelengths \^ and respectively. As a result is coupled 
into output fiber 106 and into receiver 1, whereas is 
coupled into output fiber 108 and into receiver 2. Thus such 
an ARC array may function as a selective filter for wave- 
length division multiplexed (WDM) signals. The directional 
emission property of the ARC will improve the efficiency of 
filtering compared to symmetric resonators by at least one 
order of magnitude and the optimization of the Q -value may 
increase it even further. 

Optical Amplifier 

Fiber-optic communication networks also require optical 
amplifiers to regenerate signals on long-haul fibers. Rare- 
earth (erbium) doped glass is currently used for all-optical 25 
amplification at the wavelength 1.5 fmi however there is a 
need for all-optical amplifiers outside the gain region of 
conventional erbium amplifiers. It has been proposed that 
microcavity amplifiers would shift the gain spectrum appro- 
priately. FIG. 11 illustrates an optical amplifier employing 30 
an array of ARC microcavities. The pump which provides 
the energy for amplification is applied to the signal fiber 112 
via rare-earth doped ARCs 114 and 116 which amplify the 
outgoing signal. 

35 

Wavelength Converter 

Fiber-optic communication networks also require con- 
verting signals from one wavelength to another, preferably 
in an all-optical manner. A method for doing this is cavity- 
enhanced four-wave mixing which can be combined with 
the ARC invention as illustrated in FIG. 12. The input signal 
at co^ to be converted is fiber 120 and is resonantly trans- 
mitted to the ARCs 122 and 124. At the same time a 
continuous wave (CW) carrier signal at frequency is also 
transmitted from fiber 126 into the ARCs. These ARCs are 
fabricated of a material with a high non-linear mixing 
optical coefficient y^^^ and hence generate a copy of the first 
signal at the new frequency CO2 which is then transmitted as 
output on waveguide 126. 

Microlasers 

Finally ARCs can employed as resonators for microlasers 
(or LEDs). In FIG. 13 we show a schematic of such a device. 
A pump signal (electrical or optical) is applied to an ARC 
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doped with a gain material in the spatial region where WG 
resonances exist. The ARC generates a lasing signal at 
resonant wavelengths which are amplified by the gain profile 
of the gain material. Such a design would generate direc- 
tional emission automatically, without the need for gratings 
or auxiliary waveguides which have been used in micro-disk 
and micro-ring lasers. 

It should be understood that the foregoing description is 
only illustrative of the invention. Various alternative appli- 
cations and modifications can be devised by those skilled in 
the art without departing from the invention. Accordingly, 
the present invention is intended to embrace all such 
alternatives, modifications and variances which fall within 
the scope of the appended claims. 

What is claimed is: 

1. A resonant optical apparatus, comprising: 

a resonant cavity (ARC) of non-circular cross-section and 
having a dielectric constant n, an outer surface and an 
oval cross-section of area A defining a plane, having a 
long dimension arrayed along a major axis of said plane 
and a shorter dimension arrayed along a minor axis of 
said plane, said major axis and minor axis intersecting 
at a center of said ARC, said oval cross-section exhib- 
iting mirror symmetry about both said major axis and 
said minor axis, said oval cross-section deformed from 
a circular resonator of cross-section of area A; and 

input means for inducing an optical signal of wavelength 
X into said ARC to cause a circulation of induced 
optical energy of wavelength X in said plane and 
emission of said optical energy of wavelength X from 
said ARC in said plane. 

2. The resonant optical apparatus as recited in claim 1, 
wherein said surface point is determined from the following 
expression for Sin x(0) 

SinX{<p) = V 1 - (1 - S^)K{<pfl^ = Ifn 

for a minima of Sinx(0), 
where: S is a constant which parameterizes the outer surface, 
^(0) is the angle of incidence at angle (0), 
9(0) is a local curvature of the outer surface. 

3. The resonant optical apparatus as recited in claim 1, 
wherein n and S are adjusted so that light is emitted at and 
about said surface point with a single peak intensity. 

4. The resonant optical apparatus, as recited in claim 1, 
wherein said resonant cavity exhibits a deformed cylindrical 
shape. 

5. The resonant optical apparatus, as recited in claim 1, 
wherein said resonant cavity exhibits a deformed oblate or 
prolate spheroid shape. 
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DECLARATION OF DENIZ K. ARMANI 
SUBMITTED IN SUPPORT OF NON-OBVIOUSNESS 



1, Deniz K Amfiani, one of the named inventors in the above-encaptioned patent 
application, hereby declare as follows: 

1 . I am familiar with the timeline associated with the development of the technology 
disclosed In the present application and the subsequent publication reporting on the 
technological developments. The present application claims priority to U.S. Provisional 
Application Serial No. 60/415,412, filed October 2, 2002 (hereinafter the "Priority 
Application"). The technological developments disclosed in the present application were 
publicly reported in an article published as D. K. Armani et al., "Ultra high-Q toroid 
microcavlty on a chip," Nature, Vol. 421, pp. 925-929, Feb. 2003 (hereinafter the 
"Nature Article"). 

2. I have reviewed the article entitled "Ultrahigh-quality-factor silicon-on-insulator 
microring resonator", as published by Jan Niehusmann et al. in Optics Letters, Vol. 29, 
No. 24, December 15, 2004, a true and connect copy of which is attached as Exhibit 1. 
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Niehusmann et al. describe the development of Silicon-on-insulator (SOI) microring 
resonators. 

3. Niehusmann et al. state that SOI integrated technology is anticipated to be highly 
beneficial for the convergence of microelectronics and photonics because due to cost 
savings that can be realized by integrating photonic and electronic functions on the 
same substrate. These same benefits were understood, but not fully realized, in 
October 2002 when the Priority Application was filed. This article also describes 
possible applications for microring resonators having a "high Q factor" or a "very high Q 
factor", such as for telecommunication applications in providing wavelength selective 
filtering, add-drop multiplexing, compact dispersion compensation, and frequency- 
selective coupling, or for chemical or biomolecule sensor applications, or even to 
enhance evanescent-field fluorescence sensing. 

4. The Q factor reported for the SOI microring resonators developed by 
Niehusmann et al. were 139.000 ± 6.000. These SOI microring resonators were 
fabricated directly on a substrate, and Niehusmann et al. reported that the Q factor was 
"much higher than [any Q factor values that] have been reported up to now" for 
integrated microring resonators. Niehusmann et al. recognized a single exception to 
their statement based upon SOI microring resonators fabricated by utilizing surface 
tension in the materials generated by a melting process. In recognizing this exception, 
Niehusmann et al. cited to the Nature Article. Moreover, Niehusmann et al. stated in the 
abstract of the paper that: 

"These [(the Q factor reported)] are believed to be the highest 
values reported for a curved SOI waveguide device and for any 
directly structured semiconductor microring fabricated without 
additional melting-induced surface smoothing." 
(Emphasis added.) 
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5. I have reviewed the article entitled "Silicon Microtoroidal Resonators With 
Integrated MEMS Tunable Coupler", as published by Jin Yao et al. in IEEE Journal Of 
Selected Topics In Quantum Electronics^ Vol. 13, No. 2, March/April 2007, a true and 
correct copy of which is attached as Exhibit 2. Yao et al. describe an silicon 
microtoroidal resonator integrated on a substrate with a tunable optical coupler. 

6. In this 2007 paper, Yao et al. report a process for fabricating a nfiicrotoroidal 
resonator integral to a substrate that also includes a MEMS-actuated tunable optical 
coupler. The process used to fabricate the microtoroidal resonator is a hydrogen 
annealing process, which enables creation of the microtoroidal structure and preserves 
the desired optical qualities of the microtoroidal resonator. The unloaded Q factor 
achieved by this fabrication process is reported to be as high as 1 .0 x 10^. Yao et al. 
indicate that very high Q factors have been demonstrated in SiO^, but that because of 
the thermal reflow process used to create such microtoroidal resonators, such 
processes cannot be applied to integrated SOI photonics devices. The thermal reflow 
process referred to by Yao et al. is the one described in the Nature Article authored by 
the named inventors of the present application, which produces microtoroidal 
resonators having Q factors as high as 5 x 10^. 

7. Through my work in developing the technology disclosed in the present 
application, I am now and was, at the time the Priority Application was filed, familiar with 
the state of the art for microring and microdisk resonators. When the Priority Application 
was filed, I was aware of microdisk resonators having Q factors as high as 17,000. 
Those microdisk resonators were constructed from GaAs formed into disks upon a 
pedestal formed from a substrate AIGaAs. The article reporting and describing these 
microdisk resonators was included as part of the Information Disclosure Statement filed 
on March 1, 2004 as cite No. 7 in the Non-Patent Literature Documents section of form 
PTO/SB/08B. I was also aware of microring resonators having Q factors as high as 
13,000. Those microring resonators were constructed from polymers forming a 
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microring on a silicon substrate (but not on a pedesial). The article reporting and 
describing these microdisk resonators was inciuded as part of the information 
Disdosure Statement filed on March 1 , 2004 as cite No. 12 in the Non-Patent Literature 
Documents section of form PTO/S!3/081:1 At the time the Priority Application was filed, i 
was not aware, nor am ! currently aware, of any other microring or microdisk resonators 
achieving Q factors approaching within three orders of magnitude of 10^, other than 
those fabricated using the techniques developed by myself and my co-inventors. 

8. I have reviewed U.S. F^atent No. 6,259,717 to Stone et a!., which is part of the 
prosecution record for the present patent appiication. Stone et aL do not disclose any of 
microring resonators, microtoroidai resonators, or any other type of substantially planar 
microresonator. Rather, Stone etai, disclose deformed cylindrical resonators and 
prolate spheroidal resonators as shown in Figs. 3a & 3b, respectiveiy. Moreover, Fig. 5, 
which is a plot obtained by numerical soiutions to the wave equation, iHustrates 
anticipated Q factors for a cylindrica! asymmetric resonant cavity only. As such, the 
stated theoretical values for such a cylindricai resonator are inapplicable to Q factors 
achievable for microring resonators. 

9. i further declare under penalty of perjury that all statements made herein of my 
own knowledge are true and that all statements made on information and belief are 
believed to be true; and further that these statements are made with the knowledge that 
wMu\ raise statements and the like so made are punishable by fine or tmprisonmeni, or 
both, under Title 18, United States Code § 1001, and that such willful false statements 
may jeopardize the validity of the appiication or any patervi issuing thereon. 
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microring resonator 
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The development of ultrahigh-quality-factor (Q) silicon-on-insulator (SOI) microring resonators based on silicon 
wire waveguides is presented. An analytical description is derived, illustrating that in addition to low propa- 
gation losses the critical coupling condition is essential for optimizing device characteristics. Propagation 
losses as low as 1.9 ±0.1 dB/cm in a curved waveguide with a bending radius of 20 ^tm and a Q factor as 
high as 139.000 ± 6.000 are demonstrated. These are believed to be the highest values reported for a curved 
SOI waveguide device and for any directly structured semiconductor microring fabricated without additional 
melting-induced surface smoothing. © 2004 Optical Society of America 
OCIS codes: 130.3120, 230.5750. 



Silicon-on-insulator (SOI) technology is a promising 
platform for the convergence of microelectronics and 
photonics. It has a large potential given the high pho- 
tonic integration capabilities that are made possible 
by the high refractive-index contrast between silicon 
and typical cladding materials, the natural vertical 
confinement of optical waves given by the buried 
oxide layer, and the potential cost-efficient integration 
of photonic and electronic functions on the same 
substrate given by silicon technology. ^'^ However, at 
the same time, these beneficial characteristics lead 
to stringent manufacturing tolerances and a high 
sensitivity to surface roughness, as the higher refrac- 
tive index of silicon in comparison with silica implies 
smaller silicon wire waveguide dimensions.^ It is 
therefore critical to optimize manufacturing tolerance 
and to minimize surface roughness to facilitate useful 
low-loss SOI photonic solutions.^ 

In this Letter we present the development of 
high-quality SOI microring resonators based on sil- 
icon wire waveguides. These microrings can find 
direct application in the areas of telecommunication, 
sensors, quantum electrodynamics, and nonlinear 
optics.^ For telecommunication, microrings have 
a multitude of applications, allowing wavelength- 
selective filtering, add -drop multiplexing, compact 
dispersion compensation, and frequency-selective cou- 
pling in optical networks.^"® Additionally, microrings 
are excellent model systems for deriving fundamen- 
tal properties of curved waveguides as a crucial 
building block of photonic integrated circuits. Here 
we demonstrate a microring resonator with maxi- 
mized quality factor Q to illustrate and quantify the 
low loss that can be achieved by use of an improved 

0146-9592/04/242861-03$15.00/0 



SOI process technology. Although the high Q factor 
demonstrated here surpasses typical needs of actual 
telecommunication data channels, the associated 
low loss is an indicator of the large degree of free- 
dom in the future design of more complex and very 
large scale integrated telecommunication components 
that can be achieved with advanced SOI waveguide 
technology. 

Microrings with a very high Q factor can also 
be used directly for sensor applications, where the 
dielectric loading and concomitant frequency shift 
of a resonator are used to monitor chemicals or 
biomolecules^'^^ or the higher field in the resonator 
is used to enhance evanescent-field fluorescence 
sensing. In this type of application higher Q factors 
allow smaller resonance shifts to be detected. The 
internal field enhancement also increases sensitivity. 
Ultrahigh-Q optical microcavities with Q factors of 
up to 8 X 10^ were recently demonstrated by use of 
microspheres.^^ However, these and similarly attrac- 
tive microtoroids demonstrated in silicon^^ make use 
of the formation of ultraflat surfaces on the spheres 
and (or) microtoroids by using the surface tension 
during a melting process. This makes integration 
into photonic circuits and the dimensional control of 
the device during manufacture problematic. Here 
we present directly structured SOI-based microring 
resonators with Q factors that are much higher than 
have been reported up to now. 

For proper design and optimization of a high-quality 
resonator, several aspects have to be considered. Most 
obviously, a sharp resonance, i.e., a high Q, is desired 
to observe small resonance wavelength shifts, which is 
necessary for sensing or switching applications. The 

© 2004 Optical Society of America 
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Q factor of a microring resonator coupled to a single 
waveguide is given by 



Q 



Ao 2 arccos{[l - U/r + (t/T)^y(-2t/T)} 
Ao 



AAsdB 



(1) 



where rieff is the effective index of refraction of the 
propagating mode in the microring, Ao is the resonance 
wavelength, L is the length of the microring, t is the 
field transmission coefficient at the waveguide - 
resonator coupling, and r = exp(-aL/2) is the at- 
tenuation of the field per round trip for a microring 
resonator with attenuation constant a.^^ A reason- 
ably noticeable shift of the resonance wavelength 
should be of the order of AAdetect ~ V2AA3dB. Thus 
it is evident that high Q factors are necessary for 
sensitive switching or sensing devices. The Q factor 
of an actual device depends on the chosen geometry, 
which determines parameters t, L, and Ueff in Eq. (1), 
and on the propagation losses in the ring, which 
determine r. 
For tT close to 1, Eq. (1) can be approximated by 



Q = 



27ryieff L 
Ao -2\ntT 



(2) 



i.e., Eq. (1) is dependent on the product tr, which 
sums up propagation and coupling losses. Coupling 
losses are a free design parameter. Hence it is useful 
to estimate the maximum achievable Q factor that can 
be achieved with a given technology from the propa- 
gation loss a = -2(ln r/L) inside the cavity. Ne- 
glecting the coupling loss to external waveguides, the 
maximum achievable Q factor can easily be deter- 
mined from Eq. (2) as 



Qlimit — 



27rn, 



eff 



Ao -2 In r 



Ao a 



(3) 



Minimizing losses is therefore of prime importance 
for the development of ultrahigh-Q microcavities. In 
the case of SOI -based waveguide technology, low prop- 
agation losses can only be achieved with ultrasmooth 
waveguide surfaces, requiring specific optimized pro- 
cessing steps. 

For reliable detection of a resonance shift or switch- 
ing event, a large throughput attenuation of the signal 
of the coupled waveguide as a result of the resonance in 
the microring is necessary. This can be achieved by 
critical coupling, where complete throughput attenu- 
ation at resonance is achieved. The condition for crit- 
ical coupling is given by ^ = r in Eq. (1).^^ In that case 
the Q factor of the microcavity is given by Qcriticai = 
Qlimit /2. Thus, for practical sensor applications only 
half the maximum Q factor that is possible as a result 
of the propagation loss can be used effectively. 

A further technical parameter of importance is the 
cavity field enhancement. For applications based 
on a nonlinear material response, such as photonic 
switching, stronger fields inside the resonator induce 
larger shifts of the resonance wavelength, lowering. 



e.g., switching thresholds. The field enhancement 
factor at critical coupling conditions is given by 



FE, 



'critical 



vr 



(4) 



Here again, the maximum field enhancement coincides 
with a low propagation loss per round trip in the cavity. 
Therefore low propagation losses are the key issue in 
addressing most of the general requirements of micro- 
ring resonators. 

Several wire waveguide microrings based on SOI 
technology have been reported.^'^"^ However, be- 
cause of technological restrictions, the Q factor has 
been limited to values of the order of 2.500. Two 
aspects are optimized here, in comparison to former 
approaches'^: an optimization of the pattern gen- 
eration during electron-beam lithography (EBL) is 
performed, and the surface roughness during pat- 
tern transfer to the silicon waveguides is optimized. 
The waveguides are fabricated on SOI substrates 
consisting of a 1-yLtm-thick buried oxide layer and a 
0.45-/Ltm-thick device layer. For the waveguides a 
width of 0.5 fim has been chosen. The devices are 
defined by EBL using hydrogen silsesquioxane as an 
EBL resist.'^ Corrections are performed on the EBL 
pattern generation by preprocessing the microring 
into minimal feature size polygons. This minimizes 
the rectangular discontinuities that are characteristic 
of standard pattern generation of curved structures 
and that can reach several tens of nanometers. Pat- 
tern transfer is achieved by HBr inductive coupled 
reactive-ion etching, which selectively stops at the 
Si/Si02 interface, optimizing the etching parameters 
to minimize surface roughness. The input and output 
facets of the waveguides are prepared by cleaving the 
sample. A scanning electron microscope image of a 
typical device is depicted in Fig. 1. 

For device characterization a commerical measure- 
ment setup consisting of a tunable external cavity diode 
laser and a photodiode is used. TM-polarized light 
(electric field perpendicular to the device plane) is butt 
coupled to the input by a polarization-maintaining op- 
tical fiber. The light at the throughput waveguide is 
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Fig. 1. Scanning electron micrographs of a SOI microring 
resonator with a radius of 20 yLtm, including an overview 
and a coupling region closeup (inset). 
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Fig. 2. Measured insertion loss and fit of analytical trans- 
fer function of a SOI microring resonator of radius r = 
20 /mm, with AA = A - 1547.680 nm. 

butt coupled to a multimode fiber connected to a pho- 
todetector. The analytical transfer function of the de- 
vice is given by^^ 



^2 _ 



2tr cos (f> -\- 

1 - 2tT cos <^ + (^t)2 



(5) 



where (/> = 27r(Leff/A) = (47r^reff?ieff)/A is the phase 
shift per round trip around the resonator. Figure 2 
shows the measured insertion loss spectrum of a SOI 
microring resonator with a radius of r = 20 /xm and 
a gap of 0.25 /mm between the microring resonator and 
the adjacent waveguide. The analytical transfer func- 
tion |S2il^ is fitted to the resonance at the wavelength 
A = 1547.68 nm, and Ueff = 2.5864 is derived from the 
resonance wavelengths. The fit yields values of ^ = 
0.9980 ± 0.0002 and r = 0.9973 ± 0.0001, demonstrat- 
ing that favorable critical coupling has nearly been 
achieved. Therefore a significant throughput attenu- 
ation of -15 dB at resonance is observed. The super- 
posed oscillation is due to Fabry-Perot effects in the 
periphery of the device. As IS21P is invariant to com- 
mutation of t and T, we chose the conservative values 
where t > r; i.e., attenuation of the wave propagating 
through the ring is higher than coupling from the ring 
to the waveguide. This choice does not influence the 
Q factor, but it means that the propagation loss may 
actually be even lower than calculated below. 

Applying Eq. (1) to the fitted parameters yields a 
Q factor of Q « 139.000 ± 6.000, which agrees with 
a direct line width estimation. As an illustration, this 
means that using this resonator as a sensor allows the 
detection of a resonance wavelength shift as low as 
AAdetect ~ 0.006 nm, which can easily be detected as 
a -3-dB signal change. This wavelength shift corre- 
sponds to a shift of the effective refractive index of as 

low as A^eff,(ietect ^ 1-7 X 10"^. 

Taking r obtained from the fit of IS21P to the ex- 
perimental data and the length L of the device, the 
propagation loss inside the microring resonator can be 
deduced from 



4-1= 

Lcm J 



-2 X 10^ logio(T) 
L[/xm] 



For the resonance shown in Fig. 2, Eq. (6) gives a prop- 
agation loss of a ~ 1.9 ± 0.1 dB/cm. To our knowl- 
edge this is the lowest propagation loss reported for a 
SOI ring resonator or any curved SOI wire waveguide 
fabricated by reactive-ion etching without any further 
smoothing steps [e.g., melting and (or) thermal oxida- 
tion] . This result is similar to the best values reported 
for straight SOI waveguides. 

In summary, we have presented the design, fabrica- 
tion, and optical characterization of ultrahigh-Q SOI 
microring resonators. We illustrate that, in addition 
to a minimization of losses to attain a high Q factor, 
the condition of critical coupling is of fundamental 
relevance for achieving high-efficiency devices. We 
demonstrate the development of microring resonators 
based on an optimized SOI fabrication technology, 
yielding what is to our knowledge the highest Q factor 
of 139.000 ± 6.000 and the lowest propagation loss 
without additional smoothing steps ever reported for 
SOI ring resonator technology. 

The authors thank P. Kersten for motivating this 
work. This work was supported by European Com- 
mission contract IST-2001-38919 (PHOENIX) and the 
Ministerium fur Wissenschaft und Forschung des Lan- 
des Nordrhein Westfalen. J. Niehusmann's e-mail ad- 
dress is niehusmann@iht.rwth-aachen.de. 
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Silicon Microtoroidal Resonators With Integrated 

MEMS Tunable Coupler 

Jin Yao, David Leuenberger, Ming-Chang M. Lee, Member, IEEE, and Ming C. Wu, Fellow, IEEE 



Abstract — A single crystalline silicon microtoroidal resonator 
with integrated MEMS -actuated tunable optical coupler is demon- 
strated for the first time. It is fabricated by combining hydrogen 
annealing and wafer bonding processes. The device operates in 
all three coupling regimes: under-, critical, and over-coupling. We 
have also developed a comprehensive model based on time-domain 
coupling theory. The experimental and theoretical results agree 
very well. The quality factor (Q) is extracted by fitting the experi- 
mental curve with the model. The unloaded Q is as high as 110 000, 
and the loaded Q is continuously tunable from 110 000 to 5400. 
The extinction ratio of the transmittance is 22.4 dB. This device 
can be used as a building block of resonator-based reconfigurable 
photonic integrated circuits. 

Index Terms — Integrated optics, optical resonators, surface 
roughness, tunable. 

I. Introduction 

OPTICAL microresonators are key enabling elements for 
compact filters [1], lasers [2], electro-optic modulators 
[3], add-drop multiplexers [4], optical dispersion compensators 
[5], delay lines [6], nonlinear optical devices [7], and optical 
sensors [8], [9]. The performance of microresonators depends 
on two parameters: the quality factor (Q) of the resonator and 
the coupling ratio between the waveguides and the resonator (ac) . 
Microfabricated resonators with very high Q has been demon- 
strated in Si02 [10] and Si [11]. The coupling ratio needs to be 
controlled precisely to achieve optimum performance [12]. This 
has been achieved by adjusting prism couplers in fused silica 
microsphere resonators [13] or by moving tapered fiber cou- 
plers [14]-[16] with piezo-controUed micropositioners. How- 
ever, such setups are bulky and cannot be integrated. In mi- 
croresonators with integrated waveguides, the coupling ratio is 
determined by the fabrication process [17]. The value of k or, 
perhaps more importantly, its relation with the cavity Q, can- 
not be controlled precisely. Some trimming processes have been 
proposed to control the resonance frequency, but not [ 1 8] , [ 1 9] . 

Recently, microresonators with tunable coupling ratios have 
been reported [20]-[23]. A Mach-Zehnder interferometer 
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(MZI) has been integrated with a racetrack resonator [20]. 
The resonator can operate in all coupling regimes (uncoupled, 
under-, critical, or over-coupled). An unloaded (5 of 1.9 x 10^ 
and an On-Off ratio of 18.5 dB have been achieved. However, 
the circumference of the resonator is rather large (1430 /im) due 
to the long MZI structure, which limits the free spectral range 
and the footprint that it can achieve. Recently, microfluidic ap- 
proach has also been employed to tune both the resonance wave- 
length and the coupling ratio of low-index microring resonators 
made in SU8 [23]. The refractive index of the surrounding me- 
dia was varied by mixing two different liquids. Critical couplmg 
with an extinction ratio of 37 dB have been attained. However, 
index variation is small 0.04), which limits the tuning range 
of Av. In addition, the tuning speed is slow (~ 2 s) and the fluidic 
packaging is cumbersome. 

Previously, we have reported the first silicon microdisk 
resonator with integrated microelectromechanical systems 
(MEMS) tunable coupler [21], [22]. By physically changing 
the gap spacing between the waveguide and the resonator, ti can 
be varied over a wide range (0 to 34%) and a high Q (100 000) 
have been achieved simultaneously. Tunable dispersion com- 
pensators (185 to 1200ps/nm) have also been demonstrated [22]. 
One drawback of that device is the lack of radial mode control 
in microdisk resonators, which could produce additional res- 
onances due to high-order modes. In this paper, we report on 
the first single crystallme silicon microtoroidal resonator with 
MEMS tunable optical coupler. Microtoroidal resonators offer 
tighter confinement of the optical mode and eliminate multiple 
radial modes observed in microdisks. Microtoroidal resonators 
have been made in Si02 by thermal reflow [10], however, such 
process cannot be applied to smgle crystalline structures. In- 
stead, we use hydrogen annealing to create three-dimensional 
toroidal structures while preserving the single crystalline qual- 
ity [24] . To integrate the microtoroidal resonators with MEMS 
tunable waveguides, we have combined the hydrogen annealing 
process with wafer bonding technique. All the three coupling 
regimes have been demonstrated, with the loaded Q tunable 
from 110 000 to 5400. 

II. Device Design AND Fabrication 

A. Device Structure Design 

The schematic of the tunable microtoroidal resonator is shown 
in Fig. 1 . Two suspended waveguides are vertically coupled to a 
microtoroidal resonator. It is realized on a two-layer silicon-on- 
insulator (SOI) structure. The microtoroid and the fixed elec- 
trodes of the MEMS actuators are fabricated on the lower SOI 
layer, while the suspended waveguides are integrated on the up- 
per SOI. The initial spacing between the microtoroid and the 
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Fig. 1. (a) Schematic of the microtoroidal resonator with integrated MEMS 
tunable couplers. At zero bias, the initial spacing is large enough to ensure negli- 
gible coupling between the resonator and the waveguide coupler, (b) Schematic 
of the microtoroidal resonator with integrated MEMS tunable couplers under 
biased actuation. Lower waveguide is pulled downward to increase coupling, 
while the upper waveguide remains straight (uncoupled). 

waveguides is 1 /xm. It is chosen so that there is negligible cou- 
pling at zero bias, as shown in Fig. 1(a). With increasing volt- 
age bias between the waveguide and the fixed electrodes, the 
suspended waveguide is pulled down toward the microtoroid, 
increasing the optical coupling exponentially, as illustrated in 
Fig. 1(b). 

This design enables us to bias the microtoroidal resonator 
in all coupling regimes: under-coupling, critical coupling, and 
over-coupling, or even decoupled from the waveguide bus. De- 
tails of the MEMS actuator design have been reported in [22] . 

There is a design tradeoff m the dopmg concentration of the 
Si device layers. High doping is desired for the MEMS actua- 
tion, while low doping is necessary to minimize the optical ab- 
sorption due to free carriers. Fortunately, electrostatic actuation 
does not require low resistivity. With a doping concentration of 
10^^ cm~ ^ (n-type dopants), a resistivity of 10 fi- cm and an opti- 
cal loss smaller than 0.01 cm~^ can be achieved. This absorption 




Horizontal Direction (|jm) 



Fig. 2. Optical mode profile of the toroid for TE-like polarized light at 
1.55 /xm. 

coefficient corresponds to a Q of 10^ for microresonators if it is 
the dominant loss. 

B. Waveguide Design for Phase Matching 

Phase matching between the waveguide and the resonator is 
important to achieve an efficient coupling. Phase matching is 
satisfied when the two wave modes have the same propagation 

constant (3. 

We calculated the propagation constants of the microtoroid 
with the actual shape produced by hydrogen annealing using 
beam propagation method (BPM).^ The optical field profile of 
the toroidal resonator at 1 .55 -/xm wavelength is shown in Fig. 2. 
We used the following parameters in the calculation: refractive 
indexes of Si and air are 3.46 and 1.0, respectively; the bend 
radius of the toroid is 19.5 /im; and the radius of the toroid 
is 200 nm. It supports only one TE-like optical mode tightly 
confined to silicon. 

Phase matchmg is achieved by controlling the dimensions of 
the waveguide. Fig. 3 shows the calculated propagation con- 
stants of the waveguide (lines) and the microtoroid (dots) ver- 
sus wavelength for various wavegiude dimensions. Here, we fix 
the waveguide width at 0.69 j^im, the smallest Imewidth that 
can regularly be produced by our lithography tool (10:1 reduc- 
tion stepper). As shown in Fig. 3, the waveguide with 0.25-/im 
thickness is best matched to the microtoroid mode over a wide 
wavelength range around 1550 nm. 

C. Fabrication Process 

Our vertically coupled tunable microresonator was fabri- 
cated on a two-layer SOI using the wafer bonding process. 
The main challenge, here, was the nonplanar topography of the 
microtoroids that prevents the tight contact necessary for wafer 
bonding. We solved this problem by thinning the edges of the 
microdisks before hydrogen annealing so that the microtoroid 
surface was lower than the surrounding planar area. The detailed 

^http://www.rsoftdesign.com/products/component_design/BeamPROP/ 
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Fig. 3. Calculated propagation constants of the waveguide and the microtoroid 
versus wavelengths for various waveguide thicknesses, t. The width of the 
waveguide is fixed at 0.69 /xm. 





Fig. 5. SEM of the microtoroidal resonator and the suspended waveguides. 
Inset shows the cross -sectional view of the microtoroid. 
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Fig. 4. Fabrication process for the tunable microtoroidal resonator. 

fabrication process is shown in Fig. 4. First, microdisks were 
patterned and etched on an SOI wafer with a 350-nm-thick de- 
vice layer. The edges of the disks were thinned down to 200 nm 
by thermal oxidation. This allowed room for the microtoroids to 
expand in the vertical direction during hydrogen annealing. The 
sample was then partially released in buffered HF and annealed 
in 10-Torr hydrogen ambient at 1050 °C for 5 min, creating a 
toroidal rim around the disks. The hydrogen annealing condition 
was optimized for the formation of the microtoroids, as reported 
in [24], [25]. A second SOI wafer with a 700-nm-thick device 
layer was thermally oxidized to create a Si02 spacer of l-/im 
thickness. After oxidation, the thickness of the device layer was 
reduced to 250 nm. The toroid wafer was then fusion -bonded to 
the SOI wafer, whose substrate was subsequently removed to re- 
veal the second SOI layer. The microtoroids were visible through 
the thin SOI layer, and the waveguide patterns were aligned to 
the edges of the underneath microtoroids. Fmally, the waveg- 
uides around the toroids were released in buffered HF and super- 
critical dryer. In addition to creating a toroidal shape, the hydro- 



gen annealing also reduced the surface roughness (to < 0.26 nm 
as reported in [26]), which was critical to attain high Q. 

The scanning electron micrograph (SEM) of the fabricated 
device is shown in Fig. 5. The dimensions of the waveguides are 
measured to be 0.69-^m wide and 0.25-/im thick, very close to 
the designed parameters. The resonator exhibits a very smooth 
sidewall. 

III. Optical Characteeuzation 

The optical performance of the tunable microtoroidal res- 
onator is tested using either a broadband amplified spontaneous 
emission (ASE) source (OpticWave Mini BLS-C-13) or a tun- 
able laser (Agilent 81 680A), as shown in Fig. 6. Light is coupled 
to the waveguides by polarization-maintaining lensed fibers. 
A calibrated optical power meter (HP 8 153 A) and an optical 
spectrum analyzer (OS A) (ANDO AQ6317B) are placed at the 
output to measure the transmitted power. The ASE provides a 
broadband source for quick measurement over a wide spectral 
range, while the tunable laser is used for high -resolution charac- 
terization. We have used TE-polarized input, which is attained 
by a Imear polarizer and a polarization controller. 

To actuate the waveguide, a voltage bias is applied to the fixed 
electrodes while the waveguide is grounded. At zero bias, almost 
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Fig. 7. Measured optical spectrum of a microtoroidal resonator at a bias 
voltage of 67 V. Measured free spectral range (FSR) of the TE mode is 5.2 nm. 



100% of the light is transmitted to the output port. With increas- 
ing bias, sharp dips gradually appear in the transmission spec- 
trum (Fig. 7). Each dip corresponds to a resonance wavelength. 
The free spectral range (FSR) of the TE mode is measured to 
be 5.2 nm. The small ripples are due to the reflections from the 
cleaved facets (Fabry-Perot effect). They can be eliminated by 
antireflection coating of the facets. Only a resonance peak is ob- 
served within each FSR, confirming the successful suppression 
of multiple radial modes observed in microdisk resonators. 

The integrated tunable coupler enables the microresonator to 
operate in all coupling regimes. At low voltage, the microres- 
onator is under-coupled. Fig. 8(a) shows the normalized trans- 
mission spectra of the resonator around one of the resonant 
wavelengths at 1548.2 nm at bias voltages of 51.0, 56.0, and 
64.8 V. As the voltage increases, the optical coupling becomes 
stronger, leading to a larger dip at resonance. The three cou- 
pling regimes are clearly visible in Fig. 8(b), which plots the 
normalized trans mittance at the resonant wavelength changes as 
a function of the applied voltage. In the under-coupling regime 
(Vbias < 114 V), the transmittance decreases continuously with 
the increasing voltage. The transmittance reaches a minimum 
at critical coupling (V bias = 114 V). The extinction ratio is 
measured to be 22.4 dB at critical coupling. Further increase 
in voltage moves the resonator into the over-coupling regime. 
The increase in transmittance is accompanied by a broadening 
of the resonance linewidth since the coupling to waveguide is 
now stronger than the intrinsic loss of the resonator. 

IV. Theoretical Modeling and Analysis 

According to the time-domain coupling theory [ 1 ] , the optical 

transfer function of the microresonator can be expressed as a 
function of resonant frequency (ljo) and ampUtude decay time 
constants tq and Tg, due to intrinsic loss and external coupling 
respectively 

j(uj - Cc^o) + — - — 

j(a;-a;o) + - + - 
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Fig. 8. (a) Measured normalized optical spectra of a microtoroidal resonator 
at bias voltages of 51.0, 56.0, and 64.8 V. (b) Nonnalized transmittance at 
resonance versus actuation voltage. Microresonator can be tuned continuously 
from under-coupling regime to over-coupling regime. 



where ires is the amplitude transfer function of the 
microresonator. 

Alternatively, the transfer function can also be expressed in 
terms of the unloaded quality factor Qo and the external quality 
factor Qe 



^res — 



2i (V) + 



(2) 



where Qo = woTo/2, Q. 
tor is defined as 



2i (^) + (^) 
: = a;oTe/2, and the loaded quality fac 



1 

Ql 



Qo ^ Qe 



(3) 



The measured spectra are usually complicated by the Fabry- 
Perot resonance between the two cleaved facets, as illustrated in 
Fig. 9. To model the measured spectrum more precisely, and ex- 
tract the Q values of the resonator more accurately, particularly 
when the resonance peak is small, we develop a comprehensive 
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Fig. 9. Schematics illustrating the interaction between the microresonator and 
the Fabry-Perot resonance of the coupling waveguide. 



model that includes both the effect of the microresonator and 
the Fabry-Perot ripples. 

The total transmission ttot is now a summation of multiple 
transmissions through the waveguide, as shown in 

^tot = (1 - exp(-aL) exp(jA;Lneflf)ires 

+ (1 - rfr'^ exp(-3QL) exp(j(3A:Lneff + 2(j)^))tl 
+ (1 - r)V^ exp(-5aL) exp(j(5A;Lneff + 40R))ir 
+ L (4) 

where r is the amplitude reflection coefficient at the facet of 
the silicon waveguide, a is the optical loss per unit length in 
the waveguide, L is the length of the waveguide, k is the free- 
space propagation constant, ngff is the effective refractive index 
of the Si waveguide, and 0r is the optical phase change at the 
reflection per interface. Since there is a tt phase shift at the 
reflection interface, the total transmission itot can be simplified 
to 

^tot = (1 - f')'^ exp(-aL) exp(jA:Lneff )tres 
{1 + exp(-2aL) exp(j2A:Lneff )^res 
+ exp(-4aL) exp(j4/?Lneff 

= ao{l + q + q^ + + L) 

ao 



+ L} 



l-q 



(5) 



where ao = (1 — r)^ exp(— aL) exp(jA:Lnefr)ires> and q 
exp(— 2aL) exp(j2A:Lneff 



2 

res* 



In this derivation, we have assumed that the backscattering 
effect is small and can be neglected. The total intensity trans- 
mittance is then given by 



(6) 



To include the effect of waveguide dispersion, the phase factor 
kLriefi is replaced by 



(j) = kL 
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Fig. 10. (a) Measured and modeled spectra at 0 V (microresonator is decou- 
pled), (b) Measured and modeled spectra at 64.8 V (microresonator is under- 
coupled), (c) Measured and modeled spectra at 130 V (microresonator is over- 
coupled). 



Tlie quality factors Qq and Ql are extracted from the mea- 
sured optical spectra by least-mean- square-error fitting to the 
model. Fig. 10 shows the measured and the fitted spectra 
around the resonance peak at 1548.2 nm when the resonator is: 
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a) decoupled; b) under-coupled; and c) over-coupled. The exper- 
imental data agree very well with the theoretical model. From 
the fitted spectral response, the unloaded quality factor Qo of the 
microtoroidal resonator is extracted to be 110 000. The loaded 
Q, i.e., Ql, is continuously tunable from 110 000 to 5400, 
exhibiting a tuning ratio of more than 20: 1. 

The model described in this paper fit not only the resonance 
peak but also the ripples due to Fabry-Perot resonance. The 
quality factor extracted by this method is more accurate than 
by the lumped resonator model alone [27], especially when the 
resonance peak is small. 

V. Discussion 

Hydrogen annealing is a simple and powerful technique to 
fabricate suspended microring resonators with high-quality fac- 
tor and single radial mode. Comparing the etched ring with 
tethered anchor [17], the seamless toroidal structure has lower 
scattering loss and higher Q. The hydrogen annealing process 
also greatly reduces the surface roughness, as confirmed by the 
high Q measured in our devices. These tunable microresonators 
described in this paper can be cascaded to form reconfigurable 
optical add-drop multiplexers, wavelength- selective switches, 
and crossconnects. It can also be used for bandwidth-tunable 
filters in dynamic optical networks. With the successful sup- 
pression of multiple radial modes, we expect the microtoroidal 
resonator to have even larger bandwidth tuning ratio than the 
microdisk-based filters in [28]. 

VI. Conclusion 

We have successfully demonstrated a novel single crystalline 
silicon microtoroidal resonator with MEMS -actuated tunable 
optical coupler. It is fabricated by combining the hydrogen an- 
nealing and the wafer bonding processes. We have achieved 
an unloaded Q of 110 000 for a 39-/xm-diameter resonator 
with a toroidal radius of 200 nm. The device is able to op- 
erate in all the three coupling regimes: under-, critical, and 
over-coupling. The resonator can also be decoupled from the 
waveguide, allowing them to be cascaded without loading the 
waveguides. We have developed a detailed model combining 
the time-domain coupling theory with the Fabry-Perot reso- 
nance of the waveguide. The experimental and the theoretical 
results agree very well. The loaded Q is continuously tunable 
from 110 000 to 5400. This device has potential applications 
in variable-bandwidth filters, reconfigurable add-drop multi- 
plexers, wavelength-selective switches and crossconnects, and 
optical sensors. 
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in the theory (for one extra dimension). For the ADD theory with 
two large extra compact dimensions, we do not quite reach the limit 
on the size of these dimensions already set in refs 1 1 and 12. 

Besides forces from extra dimensions, two other ideas have 
suggested new weak forces at submillimetre scales. The cosmo- 
logical energy density needed to dose the universe, if converted to a 
length by taking its inverse fourth root (in natural units where 
h = c = 1)» corresponds to about 100 ^m. This feet has led to 
repeated attempts''"*' to address difficulties connected with the 
very small observed size of Einstein's cosmological constant by 
introducing new forces with a range near 100 |im. Our result is the 
best upper bound on a in this region, but wc have not quite reached 
gravitational sensitivity. Finally, the oldest of these predictions, still 
out of reach, is the very feeble axion- mediated force**"'. The axion is 
a field intended to explain why the violation of charge- parity 
symmetry is so small in quantum chromodynamics, the theory of 
the strong nuclear force. 

Experiments of the sort reported here constrain string-inspired 
scenarios by setting very restrictive limits on predicted submilli- 
metre forces. Of course, the actual observation of any new force 
would be a major advance. Because several theoretical scenarios 
point especially to these length scales, it is an important goal for the 
future to reach gravitational strength at even shorter distances, 
perhaps down to lOjxm. Experiments attempting to reach such 
distances will confront rapidly increasing background forces, 
especially electrostatic forces arising from the spatially non-uniform 
surface potentials of metals". Electric fields due to surface potentials 
can be shielded with good conductors, but because of the finite 
stiffness of any shield they stiU cause background forces to be 
transmitted between test masses. Stretched membranes (as used 
by the Washington group) are more effective than stiff plates at the 
shortest distances, but it remains to be seen down to what distance 
the background forces can be effectively suppressed. □ 
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unra-liigh-(?toroid microcavity 
on a chip 

D. K. Annani, T. J. KIppenberg, S. M. Splllane & K. J. Valiaia 

Department of Applied Physics, California Institute of Technology, Pasadena, 
CaUfomia 91125, USA 

The circulation of light within dielectric volumes enables storage 
of optical power near specific resonant ft'equencies and is 
important in a wide range of fields including cavity quantum 
electrodynamics'*', photonics^-'*, blosensing^*^ and nonlinear 
optics'-*. Optical trajectories occur near the interface of the 
volume with its surroundings, making their performance 
strongly dependent upon interface quality. With a nearly 
atomic-scale surface finish, surface-tension-induced micro- 
cavities such as liquid droplets or spheres**^*' are superior to 
all other dielectric microresonant structures when comparing 
photon lifetime or, equivalently, cavity Q factor. Despite these 
advantageous properties, the physical characteristics of such 
systems are not easily controlled during fabrication. It is 
known that wafei^based processing^* of resonators can achieve 
parallel processing and controU as well as integration vdth other 
functions. However, such rcsonators-on-a-chip suffer from Q 
factors that are many orders of magnitude lower than for surface- 
tension*tnduced microcavities, making them unsuitable for 
ultra-high- Q experiments. Here we demonstrate a process for 
producing silica toroid-shaped microresonators-on-a-chip with 
Q factors in excess of 100 million using a combination of 
lithography, dry etching and a selective reflow process. Such a 
high Q value was previously attainable only by droplets, or 
microspheres and represents an improvement of nearly four 
orders of magnitude over previous chip-based resonators. 

Devices were fabricated upon silicon wafers prepared with a 2-jim 
layer of silicon dioxide (SiOa). The fabrication process flow is 
composed of four steps: photolithography; pattern transfer into 
the silicon dioxide layer selective, dry etch of the exposed silicon; 
and selective reflow of the patterned silica. The process details are as 
follows (Fig. 1). First, photolithography is performed to create disk- 
shaped photo-resist pads (160pim in diameter) on a (100) prime 
grade silicon substrate with 2 p.m of oxide grown using wet thermal 
oxidation in a horizontal tube furnace. An additional bake follows 
in order to reflow the photo- resist, smoothing the edges in the 
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Figure 1 Flow diagram fllustrating the process used to fabricate ultra-hlgh-0 planar 

mioocavides. 




process. The circuJar disks of photo-resist act as an etch mask during 
immersion in buffered HF solution at room temperature. Acetone is 
then used to remove residual photo -resist and organic contami- 
nation. The remaining SiOa disks act as etch masks during e3q>osure 
to XeF2 gas at 3 torr. XeF2 was specifically chosen for the purpose of 
isotropic selective removal of sUicon. As a result, the edges of the 
Si02 disks are equally undercut, leaving circular silicon pillars 
supporting larger SiOz disks. As the optical trajectories of interest 
reside at the periphery of the sUica disk, the removal of the higher- 
index silicon below a portion of the periphery is required to inhibit 
power leakage into the substrate. We observe Q values in excess of 
10 for these structures using the spectral charaaerization approach 
described below. The above process flow leaves lithographic 
blemishes, visible in an optical microscope, at the all>important 
disk periphery. Therefore we used additional processing to achieve 
the surface fimsh characteristic of surface-tension-induced micro- 
cavity structures (root-mean-square (rm.s) roughness of several 
nanometres or less"). 

Next, a processing step is introduced to selectively heat and reflow 
the undercut SiOj disks without affecting the underlying silicon 
support piUar An undercut SiOs disk is surface-normal- irradiated 
using a CO2 laser (10.6-jim wavelength), similar to techniques 
proposed for integrated circuit planarization'*. The beam intensity 
profile follows an approximately gaussian distribution and is 
focused to a circular spot approximately 200 jim in diameter. The 
resulting beam intensity can be varied by electronic control of the 
laser power, but is typically 100 MWm"^ during reflow. Owing to 
the strong temperature dependence of the silica optical extinaion 
coefficient near 10.6 jim (ref 16) as well as the thermal isolation of 
the undercut SiOz disk, melting of the disk occurs along the 
periphery, and significanUy not over the silicon pillar. In addition 
to having a far weaker optical absorption at 10.6 iim, silicon is 100 
times more thermally conductive than silica'*•'^ The silicon pillar 
therefore remains significantly cooler and physicaUy unaffected 
throughout the silica reflow process, serving as a heat sink to the 
selectively absorbed optical power in the silica layer. As the disk 
diameter shrinks, the effective cross-section available to absorb laser 
power decreases and shrinkage is observed to terminate when a 
toroid-like silica structure has formed. Beyond this point, con- 
tinued laser treatment at the same intensity results in no observable 
change of the structure. The process is therefore self-quenching with 
die final diameter of the molten disk rim controlled by lithography 
and chemical etch steps. It should be noted that it is possible to 
interrupt the reflow prior to quenching thereby producing a toroid 
with a diameter intermediate to the initial disk diameter and 
terminal diameter. 

Thus, in this process step, sur&ce tension both smoothes the 
surface and collapses the sflica disk to a toroid shape with limiting 
dimensions defined by the support pillar and the initial thickness of 
the silica layer. Micrographs showing disks both before and after the 
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Figure 2 Scanning electron micfograph of a silica microdisk after selective reflow 
treatment wim a CQj laser. The inset shows the microdisk prior to laser treatment This 
toroidal mfcroresonator had an intrinsic cavity 0^ 1.00 x 

lascr-aaivated selective reflow process are shown in Fig. 2. In these 
micrographs, the overaD disk diameter was reduced to I20|im as 
sUica was consumed to form a 7-jtm-thick toioid-shaped perimeter. 

The mode structure and quality factor of the toroidal cavities 
were characterized in the opdcal telecommunication band 
(1,500 nm wavelength band). Tapered optical fibres connected to 
a single-mode, tunable, external-cavity laser were used to efficiently 
excite 'whispering gaUery* modes of the resonators. Tapered wave- 
guides were positioned on a 20-nm-resolution stage and could be 
moved ft-eely over the silicon sample to couple individually to each 
of the toroid-shaped microresonators. Dual microscopes were used 
to simultaneously image disk resonators and fibre Upers fi-om die 
Side and the top. Proper alignment required the toper axis to reside 
in the equatorial plane of the toroidal cavity with minimal tilt angle. 
Briefly, taper fabrication^** proceeds by stretching a standard optical 
fibre (SMF-28), which has been heated using a hydrogen flame. By 
observing the adiabatic condition, die tapered fibers exhibit low 
fibre-to-fibre insertion loss (typicaUy < 10%), Taper waist diameters 
are typicaUy several micrometres, adjusted to properly phase-match 
to the resonator. Critical coupling" (the resonant transfer of aU 
optical waveguide power into the resonator) was achieved by 
appropriately adjusting the tapcr-iresonator gap. Non-resonant 
loss was observed to be low (<5%). 

Figure 3 shows the transmission spectra through a taper in close 
proximity (of the order of hundreds of nanometres) to a 94-p.m- 
diameter toroidal microresonator. The observed free spectral range 
corresponds to die equatorial mode number (/-index). Inspection 
of the data shows that the resonator supports very few radial and 
azimuthal (m-indcx or transverse) modes. This is in contrast to 
spheres, which support (2/ + I) azimuthal modes. The quality 
factor, or Q, of the resonators was measured in two ways. First 
the AiU-width at half-maximum (FWHM) of die lorentzian-shaped 
resonance in the undercoupled regime was direcdy measured by 
scanning a single-mode laser (short-term linewidth about 300 kHz) 
through a resonance. Low input power levels (typically less than 
5 |iW) were used to avoid thermaUy induced distortion of the line 
shape caused by resonant-field buUd-up within the cavity. Repeated 
measurements on samples fabricated with various radii (80- 
120 »im) and tori thickness (5-10 nm) yielded Q values in excess 
of 100 million (10*). This is a record value for a planar device, and 
constitutes an improvement of nearly four orders of magnitude over 
all previous planar microresonators fabricated by wafer-scale proces- 
sing (the highest values^"' reported thus far are less than 2 X lO'*). 

As an independent and more precise measurement of quality 
factor, the photon lifetime was directly measured by cavity ring- 
down. This was done by repeatedly scanning the laser into reson- 
ance with a mode that was critically coupled to the taper. As the laser 
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FIgtiro 3 Transmission spectra of a toroidal resonator. The free spectral range (defined as 
t}ie wavelengm spacing between nrodes with successive angular mode number) is 
5.65 nm, wh Ich corresponds to a tonjs approximately 94 |im in diameter. The inset shows 
what we betteve to be the two lowest*order radial modes ijbased on modeOing of a 
microdisk resonator). Additional subsidiary peaks are attributed to other radial or 
aztmulhal modes. 



scanned into resonance, power transfer increased until maximal 
'charging* of the resonant mode was attained. At this moment, the 
laser input was gated 'off* by use of a high-speed, external modu- 
lator and cavity ringdown is observed as the resonant power 
discharges. Because the resonator is by necessity loaded during 
this measurement, the observed ringdown time yields the cavity 
lifetime at the critical point. T^rit) and the loaded Q*factor (not the 
intrinsic quality factor, Qo). Data from a typical ringdown measure- 
ment are shown in Fig. 4. At time r = 0 in the figure, a isignal is 
applied to 'gate* the laser off. When the laser Input is fUlIy off, the 
detected power is due entirely to the cavity discharge field. The solid 
line represents an exponential fit as expected for decay of a single 
cavity mode. The inset shows a logarithmic plot to infer the cavity 
lifetime. The loaded lifetime in this structure was 43 ns. As a further 
check on this time constant, after gating of the pump laser the 
waveguide power has dropped to 80% of its predicted maximal 
value based on extrapolation of data to t — 0. This value is in 
agreement with the gating delay of the ringdown setup (Ar » 8 ns). 
In particular, using the observed mode-lifetime of r^it = 43 ns 
yields exp(- At/rent) = 0.83. 

As noted before, to infer the intrinsic cavity Q it is necessary to 
correct for loading by the taper waveguide. In addition, it is 
necessary to take into account excitation of the counter-propagating 
mode due to scattering centres intrinsic to the resonator (described 
by a dimensionless intermode coupling parameter f). The tech- 
niques used to measure this parameter in ultra-high- Q taper- 
coupled resonators are described elsewhere". For the mode of 
Fig. 4 the intermode coupling was measured to be approximately 
I, giving rise to a weak counter-propagating wave excitation (17% 
of the cavity build-up field is stored in the counter-propagating 
mode at critical coupling). In the presence of intermode coupling 
the relationship between the critically coupled lifetime and the 
intrinsic (unloaded) cavity quality factor, is given by 

Qo = wro = aircri,(l -h v/T+T^) 

This yields an intrinsic cavity Q of 1.25 X 10® inferred from cavity 
ringdown. This value agrees with the measurements of the fre- 
quency line shape described above. 

Thus we have fabricated ultra-high-Q planar cavities on a chip for 
the first time (to our knowledge). Toroid-shaped microcavities were 
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Hgure 4 Ringdown measurement of a 90-nm-diameter torold mioocavity at the criticar- 
coupling point. The measured lifetime of ron = 43 ns correspond^ to an intrinsic quality 
factor of 0=1.25x10^. 



formed using a combination of lithography, dry etching and a 
selective reflow process. Self-limited collapse of a molten silica disk 
enables the dimensional control typical of wafer-scale processing 
while providing the surface finish (and hence cavity Q)itypical of a 
spherical resonator. Q values obtained by this process are typically 
four orders of magnitude higher than previous wafer-based reso- 
nators. In some applications mode volume is also an important 
factor, and certain chip-based micro-resonators"-^' feature smaller 
mode volumes than the present structures. As a gauge to the lower 
bound on size, radiation leakage becomes a significant factor in 
determining Q for diameters less than 20 jxm in silica microspheres. 
It should therefore be possible to reduce toroid diameter (and hence 
mode volume) substantially from the present 100 ^m while main- 
taining ultra-high-Q values. The planar nature of the toroid 
microcavity and the large transparency window of silica suggest 
that these devices will find a wide range of applications in photonics 
as well as in fundamental studies. As an indication of the possibil- 
ities for these structures, in the course of this work nonlinear optical 
effects have been observed with characteristics comparable to recent 
studies on spherical ultra-high-Q cavities'. As standard processing 
techniques are used, the addition of optical functionality by 
techniques such as implantation or coating is possible. Likewise, 
electrical functionality can be introduced to integrate control 
functions with the ultra-high-Q microcavities. More generally, 
this work provides a new functional element that is synergistic 
with recent demonstrations of basic experimental physics on a chip. 
For example, by combining the present results with techniques 
recendy demonstrated to integrate atomic traps on a chip^^ it would 
be possible to achieve chip-scale integration of cavity quantum 
electrodynamics experiments and related devices. Finally, there is 
great interest in improving the sensitivity of biological and chemical 
sensors. Proposals based upon optical resonators will benefit from 
the ability to attain ultra-high Q on a chip. □ 
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DETAILED ACTION 
Response to Amendment 

The Examiner acknowledges the amending of claims 78-79. 

Response to Arguments 
Applicant's arguments filed 07/30/2007 have been fully considered but they are 
not persuasive. 

The Applicant has argued that the combination of McCall in view of Stone is not 
proper as a reasonable expectation of success is not established. The Examiner does 
not agree. 

McCall was used in the rejections to teach a high Q micro-resonating device. 
McCall failed to teach the device to have a Q value of at least 1x10^8. Stone was 
presented to teach that high Q micro-resonator devices similar to McCall's can be 
created to have Q values exceeding the claimed value. Stone demonstrates this in the 
plot shown at fig. 5. Motivation was then presented to demonstrate a reason to combine 
the two teachings. 

The Applicant further argues that McCall and Stone fall short of teaching how to 
make the proposed cavity, leading to the lack of expectation of success. Firstly, the 
Examiner is of the opinion that establishment of a prima facie case of obviousness does 
not require the need to disclose "how to make" the device in question (MPEP 2142). 
According to MPEP 2142, all of the claimed limitations must be taught or suggested. 
McCall teaches all of the structural features outlined in the device claims. Stone 
suggests creating the similar micro-resonators with a large Q value. 
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Finally, and building on the previous argument, the Applicant has stated that the 
plot of Stone outlines only theoretical possibilities. The Examiner agrees that it is not 
clearly stated that Stone has created a device that corresponds to each and every point 
on the plot. However, Stone teaches that the resonator structure is of a known type 
('typicar, see brief description of the drawings), and how to modify the structure by 
changing the deformation amount to obtain a desired Q value for a given application. In 
the end, Stone may not have created a device at every plot point, but he did outline the 
use of a typical structure and how to adjust the physical parameters of that structure to 
obtain the Q values taught. This, in the Examiner's opinion, is a clear teaching of how 
such a structure can be made (via adjustment of the deformation amount, Stone, col.4 
lines 25-36), 

In light of the above arguments the Examiner is of the belief that the rejections 
made over McCall in view of Stone would be considered both proper and reasonable to 
one of ordinary skill in the art. 

Claim Rejections - 35 USC § 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 1 02 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter pertains. 
Patentability shall not be negatived by the manner in which the invention was made. 
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The factual inquiries set fortii in Graham v. John Deere Co., 383 U.S. 1 , 148 
USPQ 459 (1966), that are applied for establishing a background for detennining 
obviousness under 35 U.S.C. 103(a) are summarized as follows: 

1 . Determining the scope and contents of the prior art. 

2. Ascertaining the differences between the prior art and the claims at issue. 

3. Resolving the level of ordinary skill in the pertinent art. 

4. Considering objective evidence present in the application indicating 
obviousness or nonobviousness. 

Claims 1-8, 10-18, 22, 28-41, 43-47, 49-58, 62. 67, and 81-82 are rejected under 

35 U.S.C. 103(a) as being unpatentable over McCall (US 5343490) in view of Stone et 

al. (US 6259717). 

With respect to claims 1, 2, 8, and 10, McCall teaches a micro-cavity resonator 
(70) being substantially pai;allel to a top surface of the pillar, comprising: a micro-cavity, 
a substrate portion (73) located below the micro-cavity forming a pillar (73), the pillar 
supporting the ultra-high Q micro-cavity, whereby optical energy travels along an inner 
surface of the micro-cavity (col.7 lines 1 8-50, fig.7). McCall does not teach the Q value 
to be at least 1x1 C^B. Stone teaches a micro-cavity optical resonator wherein it is taught 
that disc shaped micro-resonators (such as that taught by McCall) can have Q factors 
exceeding lO'^IO (fig. 5). It would have been obvious to one of ordinary skill in the art at 
the time of the invention to combine the resonator of McCall with the high Q teaching of 
Stone in order to allow optical energy to circulate in the resonator with a long photon 
lifetime and incur low losses. 

With respect to claim 3, McCall teaches the micro-resonator of claim 1 , including 
the resonator to be formed of silica (col .6 lines 58-68) 
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With respect to claim 4, McCall teaches the micro-cavity to be substantially 
circular and to have a diameter of about 10um (col.7 line 38). 

With respect to claims 5-6, McCall teaches a toroid shaped micro-cavity having a 
thickness of about 5um (4um, col. 8 line 39, fig.4). 

With respect to claim 7, McCall teaches the use of an elliptical shape (col.9 line 

64). 

With respect to claim 1 1 , McCall and Maleki teach the resonator as outlined in 
the rejection to claim 1, and McCall further teaches a 10um diameter (col.7 line 38). 

With respect to claims 12, 14, 18, and 28, McCall and Maleki teach the resonator 
outlined in the rejection to claim 1 , but do not teach the use of a silicon substrate. 
Silicon substrates are materials are known in the art to be used with resonator devices. 
It would have been obvious to one having ordinary skill in the art at the time the 
invention was made to make the resonator of these known materials, since it has been 
held to be within the general skill of a worker in the art to select a known material on the 
basis of its suitability for the intended use as a matter of obvious design choice. In re 
Leshin, 227 F.2d 197, 125 USPQ 416 (CCRA 1960). 

With respect to claim 13, McCall teaches a resonant mode within the resonator 
comprising a whispering-gallery mode (WGM) (col.6 line 30). 

Claims 15-17 are rejected for the same reasons as claim 1. These claims merely 
detail the methods of forming the device. The method of forming a device is not 
germane to the patentability of the device itself, therefore these limitations are not given 
patentable weight. At best these claims could be characterized as product-by-process 
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claims, where the process limitations are not limiting, only the structure implied by the 
process. See MPEP 21 13. Here, the structure implied by the process steps is merely 
the structure of claim 1 . 

With respect to claim 22, McCall further teaches an optically active component 
within the cavity (col.5 lines 1-3). 

With respect to claim 81 , McCall and Stone teach the resonator outlined in the 
rejection to claim 1 above, and McCall further teaches reduction of the surface 
roughness (col. 10 lines 10-15), but does not teach the roughness to be less than 
several nanometers. It would have been obvious to one of ordinary skill in the art at the 
time of the invention to adjust the surface roughness to less than several nanometers as 
an optimization through routine experimentation (see MPEP 2144.05 II A). 

With respect to claims 29, 34, 37, and 43, McCall teaches a high Q micro-cavity 
resonator comprising a toroid shape and an optical material (inherently meltable, and 
inherently adhered to itself), and a substrate that supports the optical material wherein 
optical energy travels along an inner surface of the resonator (col.7 lines 27-68, fig.7). 
McCall does not teach the Q value to be at least 1x10^8. Stone teaches a micro-cavity 
optical resonator wherein it is taught that disc shaped micro-resonators (such as that 
taught by McCall) can have Q factors exceeding 10^10 (fig.5). It would have been 
obvious to one of ordinary skill in the art at the time of the invention to combine the 
resonator of McCall with the high Q teaching of Stone in order to allow optical energy to 
circulate in the resonator with a long photon lifetime and incur low losses. 
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Claims 30 an^ 35 are rejected for the same reasons outlined in the rejection to 
claim 3 above. 

Claims 31, 46, and 58 are rejected for the same reasons outlined in the 
rejections to claims 12, 14, 18, and 28 above. 

Claims 32-33, and 49-57 are rejected for the same reasons as claim 29. These 
claims merely detail the methods of forming the device. The method of forming a device 
is not germane to the patentability of the device itself, therefore these limitations are not 
given patentable weight. At best these claims could be characterized as product-by- 
process claims, where the process limitations are not limiting, only the structure implied 
by the process. See MPEP 2113. Here, the structure implied by the process steps is 
merely the structure of claim 29. 

Claim 36 is rejected for the same reasons outlined in the rejection to claim 4 

above. 

Claim 38 is rejected for the same reasons outlined in the rejection to claim 6 

above. 

Claim 39 is rejected for the same reasons outlined in the rejection to claim 7 

above. 

With respect to claim 40, McCall further teaches the cavity to be substantially 
parallel to a top surface of the pillar (fig.7). 

With respect to claim 41 , it is inherent that the size of the cavity is limited by the 
size of the top portion of the pillar, as a small pillar would not physically support too 
large a resonator. 
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With respect to claim 44, McCall further teaches the micro-cavity to be 
substantially circular and to have a diameter of about 10um (col.7 line 38). 

Claim 45 is rejected for the same reasons outlined In the rejection to claim 13 

above. 

With respect to claim 47, McCall further teaches the substrate is in the form of a 

pillar. 

Claim 62 is rejected for the same reason outlined in the rejection to claim 22 

above. 

Claim 67 is rejected for the same reasons given in the rejections to claims 29 and 
58 above. The examiner notes the forming the pillar via isotropically etching the 
substrate would be considered a non-limiting product by process limitation. 

Claim 82 is rejected for the same reason outlined in the rejection to claim 81 

above. 

Claims 19 and 48 are rejected under 35 U.S.C. 103(a) as being unpatentable 
over McCall and Stone and further in view of Gayral ("High-Q Wet-etched GaAs 
Microdisks Containing InAs quantum Boxes"). 

With respect to claims 19 and 48, McCall and Stone teach the resonators 
outlined in the rejections to claims 1 and 29, but do not teach the substrate to be 
tapered. Gayral teaches a tapered substrate (pg.1908). It Would have been obvious to 
one of ordinary skill in the art at the time of the invention to combine the resonator of 
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McCall and Stone with the tapered shape of Gayral in order to realize low threshold light 
emitting or lasing devices, and aid in the prevention of oxidation. 

Claims 20-21 and 60-61 are rejected under 35 U.S.C. 103(a) as being 
unpatentable over McCall and Stone in view of Chu ("Observation of Enhanced 
Photoluminescence in Erbium-Doped Semiconductor Microdisk Resonator"). 

With respect to claims 20-21 and 60-61, McCall and Stone teach the resonators 
outlined in the rejections to claims 1 and 29 above, but do not teach the use of a rare 
earth dopant. Chu teaches a micro-cavity resonator which uses a rare earth dopant 
(pg.2843). It would have been obvious to one of ordinary skill in the art at the time of the 
invention to combine the resonator of McCall and Stone with the dopants of Chu to 
insure a strong emission. 

Claims 78-79 are rejected under 35 U.S.C. 103(a) as being unpatentable over 
McCall in view of Stone and Vollmer et al. ("Protein detection by optical shift of a 
resonant micro-cavity", applicant submitted prior art). 

With respect to claims 78-79, McCall and Stone teach the resonators having the 
structures outlined in the rejections to claims 1 and 29, but do not teach the use of a 
biotinylated surface. Vollmer teaches micro-cavities using biotinylated surfaces (pg.2 
col.2 para.5). It would have been obvious to one of ordinary skill in the art at the time of 
the invention to combine the resonator of McCall and Stone with the coating of Vollmer 
in order to detect biological agents. 
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Conclusion 

THIS ACTION IS MADE FINAL. Applicant is reminded of the extension of time 

policy as set forth in 37 CFR 1.136(a). 

A shortened statutory period for reply to this final action is set to expire THREE 
MONTHS from the mailing date of this action, in the event a first reply is filed within 
TWO MONTHS of the mailing date of this final action and the advisory action is not 
mailed until after the end of the THREE-MONTH shortened statutory period, then the 
shortened statutory period will expire on the date the advisory action is mailed, and any 
extension fee pursuant to 37 CFR 1.136(a) will be calculated from the mailing date of 
the advisory action. In no event, however, will the statutory period for reply expire later 
than SIX MONTHS from the mailing date of this final action. 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Tod T. Van Roy whose telephone number is (571)272- 
8447. The examiner can normally be reached on M-F. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Minsun Harvey can be reached on (571)272-1835. The fax phone number 
for the organization where this application or proceeding is assigned is 571-273-8300. 
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Information regarding the status of an application may l?e obtained from the 
Patent Application Information Retrieval (PAIR) system. Status infomiation for 
published applications may be obtained from either Private PAIR or Public PAIR. 
Status information for unpublished applications is available through Private PAIR only. 
For more infomiation about the PAIR system, see http://pair-direct.uspto.gov. Should 
you have questions on access to the Private PAIR system, contact the Electronic 
Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a 
USPTO Customer Service Representative or access to the automated information 
system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 



TVR 




EXHIBIT F 



608254 



United States Patent and Trademark Office 



UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 

Address: COMMISSIONER FOR PATENTS 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
www.uspto.gov 



APPLICATION NO. 


FILING DATE | 


FIRST NAMED INVENTOR 


ATTORNEY DOCKET NO. 


CONFIRMATION NO. 


10/678,354 


10/02/2003 


Deniz K. Armani 


70120-00005 


1793 



58688 7590 03/07/2008 

CONNOLLY BOVE LODGE & HUTZ LLP 
P.O. BOX 2207 
WILMINGTON, DE 19899 



EXAMINER 



VAN ROY, TOD THOMAS 



ART UNIT 



PAPER NUMBER 



2828 



MAIL DATE 



03/07/2008 



DELIVERY MODE 



PAPER 



Please find below and/or attached an Office communication concerning this application or proceeding. 

The time period for reply, if any, is set in the attached communication. 



PTOL-90A (Rev. 04/07) 



Interview Summary 


Application No. 

10/678,354 


Applicant(s) 

ARMANI ETAL. 


Examiner 

TOD T. VAN ROY 


Art Unit 

2828 





All participants (applicant, applicant's representative, PTO personnel): 

(1 ) TOD T. VAN ROY, Minsun Harvey . (3) Deniz Armani . 

(2) David Morse . l4) Kerrv Vahala . 

Date of Interview: 28 February 2008 . 

Type: a)^ Telephonic b)^ Video Conference 

c)n Personal [copy given to: !)□ applicant 2)0 applicant's representative] 

Exhibit shown or demonstration conducted: d)^ Yes e)^ No. 
If Yes, brief description: . 

Claim(s) discussed: independent . 

Identification of prior art discussed: McCaii and Stone . 

Agreement with respect to the claims f)n was reached. g)n was not reached. h)|3 N/A. 

Substance of Interview including description of the general nature of what was agreed to if an agreement was 
reached, or any other comments: The Examiner and ttie Appiicants discussed the type of Q values being obtained in 
the Stone reference as they relate to the instant invention. The Examiner suggests more descriptive claim lanauaoe 
be used to differentiate between the two . 

(A fuller description, if necessary, and a copy of the amendments which the examiner agreed would render the claims 
allowable, if available, must be attached. Also, where no copy of the amendments that would render the claims 
allowable is available, a summary thereof must be attached.) 

THE FORMAL WRITTEN REPLY TO THE LAST OFFICE ACTION MUST INCLUDE THE SUBSTANCE OF THE 
INTERVIEW. (See MPEP Section 713.04). If a reply to the last Office action has already been filed, APPLICANT IS 
GIVEN A NON-EXTENDABLE PERIOD OF THE LONGER OF ONE MONTH OR THIRTY DAYS FROM THIS 
INTERVIEW DATE, OR THE MAILING DATE OF THIS INTERVIEW SUMMARY FORM, WHICHEVER IS LATER, TO 
FILE A STATEMENT OF THE SUBSTANCE OF THE INTERVIEW. See Summary of Record of Interview 
requirements on reverse side or on attached sheet. 
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INTERVIEW SUMMARY 



Hon. Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 2231 3-1 450 

Sir: 

The following is a summary of the Examiner Interview which tool^ place 
telephonically on February 28, 2008. 
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INTERVIEW SUMMARY 
The Interview took place telephonically on February 28, 2008, with the following 
individuals in telephonic attendance: 

David M. Morse 

Kerry J. Vahala 

Deniz K. Armani 

Examiner Tod Thomas Van Roy 

Supervising Examiner Minsun Harvey 

Prior to the interview, Applicants faxed the attached Interview Agenda, which 
included proposed claim amendments, the Declaration of Deniz K. Armani in support of 
Non-Obviousness, and exhibits thereto to the Examiner. 

During the interview, the scope of the independent claims were discussed, 
including Applicants' proposed amendments, along with the teachings of the prior art 
and Applicants' assertion that the Armani Declaration negated a finding of obviousness. 
Applicants presented the arguments outlined in the Interview Agenda, but no agreement 
was reached regarding allowability of the claims. As such, although the attached 
documents were provided to the Examiner for review, they were not previously entered. 
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Attachments: 



Agenda For Applicant Initiated Interview, including proposed claim amendments 
and the Declaration of Deniz K. Armani, with attached Exhibits. 
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AGENDA FOR APPLICANT INITIATED INTERVIEW 

Dear Examiner Van Roy: 

I am writing to confirm tine teleplionic interview scheduled for Thursday, February 
28, 2008, at 2 PM EST concerning the above-encaptioned patent application, and to 
provide an agenda for the meeting. 

The following individuals, exclusive of USPTO personnel, are anticipated to 
participate in the telephone conferece: 

David M. Morse, Applicants' Representative 
Deniz K. Armani, Applicant 
Kerry J. Vahala, Applicant 

Submitted for your consideration as part of the interview process is the proposed 
claim amendments included below, and the Declaration of Deniz K. Armani, submitted 
in support of a finding of non-obviousness for the amended claims. 
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PROPOSED CLAIM AMENDMENTS 

1 . (Currently Amended) An ultra-high Q micro-cavity resonator, comprising: 
an ultra-high Q micro-cavity having a Q value of at least 1 .00 x 10^ , the micro- 
cavity being substantially planar : and 

a substrate, 

portions of the substrate located below the ultra-high Q micro-cavity being 
removed to form a pillar, the pillar supporting the ultra-high Q micro-cavity, whereby 
optical energy travels along an inner surface of the ultra-high Q micro-cavity. 

2. (Cancelled) 

3. (Original) The resonator of claim 1 , the micro-cavity comprising an ultra- 
high Q silica micro-cavity. 

4. (Original) The resonator of claim 1 , the micro-cavity being substantially 
circular and having a diameter of about 10 micrometers to about 500 micrometers. 

5. (Original) The resonator of claim 1 , the micro-cavity having a toroid shape. 

6. (Original) The resonator of claim 5, the toroid-shaped micro-cavity having 
a thickness of about five to about ten micrometers. 

7. (Original) The resonator of claim 1 , the micro-cavity having an elliptical 

shape. 

8. (Original) The resonator of claim 1 , the micro-cavity being substantially 
parallel to a top surface of the pillar. 

9. (Canceled) 
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1 0. (Previously Presented) The resonator of claim 1 , the micro-cavity having a 
Q value of about 10^ to about 5x10^. 

1 1 . (Previously Presented) The resonator of claim 1 , the micro-cavity having a 
diameter of about 1 0 micrometers to about 30 micrometers and a Q value of about 500 
million. 

12. (Original) The resonator of claim 1 , the micro-cavity comprising a glass 
material having a melting point that is lower than a melting point of the substrate. 

1 3. (Original) The resonator of claim 1 , a resonant mode within the micro- 
cavity comprising a whispering-gallery mode (WGM). 

14. (Original) The resonator of claim 1 , the substrate comprising a silicon 
substrate. 

1 5. (Previously Presented) The resonator of claim 1 , the substrate underneath 
the micro-cavity being removed by an etchant. 

1 6. (Original) The resonator of claim 1 5, the etchant comprising a xenon 
difluoride (XeF2) gas. 

1 7. (Original) The resonator of claim 1 6, wherein the XeF2 gas isotropically 
etches the substrate beneath a periphery of the micro-cavity to form the pillar. 

18. (Original) The resonator of claim 1 7, the substrate comprising a silicon 
substrate. 

1 9. (Original) The resonator of claim 1 , the pillar having a tapered shape. 

20. (Previously Presented) The resonator of claim 1 , the micro-cavity including 
a rare earth dopant. 
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21 . (Original) The resonator of claim 20, the rare Earth dopant being erbium, 
ytterbium, or neodymium. 

22. (Previously Presented) The resonator of claim 1 , the micro-cavity including 
an optically active component, 

23. (Canceled) 

24. (Canceled) 

25. (Canceled) 

26. (Canceled) 

27. (Canceled) 

28. (Original) The resonator of claim 1 , the micro-cavity comprising a silica 
ultra-high Q micro-cavity, and the substrate comprising a silicon substrate. 

29. (Currently Amended) An ultra-high Q micro-cavity resonator, comprising: 
an optical material; and 

a substrate that supports the optical material, wherein 

the optical material is meltable by heat so that a periphery of the 

optical material adheres to itself to form an ultra-high Q micro-cavity 

having a Q value of at least 1 .00 x 1 0®, and wh e r ei n 
the micro-cavity is substantially planar, and 
optical energy travels along an inner surface of the ultra-high Q 

micro-cavity. 

30. (Original) The resonator of claim 29, the optical material comprising silica. 
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31 . (Original) The resonator of claim 29, the optical material comprising a 
glass material having a melting point that is lower than a melting point of the substrate. 

32. (Previously Presented) The resonator of claim 29, the optical material 
comprising a disk, wherein a diameter of the optical material becomes smaller when 
heated to form a disk. 

33. (Previously Presented) The resonator of claim 32, wherein the diameter 
decreases until the molten optical material collapses after which the diameter remains 
substantially constant. 

34. (Cancelled) 

35. (Original) The resonator of claim 29, the ultra-high Q micro-cavity 

comprising an ultra-high Q silica micro-cavity. 

36. (Original) The resonator of claim 29, the ultra-high Q micro-cavity being 
substantially circular and having a diameter of about 10 micrometers to about 500 
micrometers 

37. (Original) The resonator of claim 29, the ultra-high Q micro-cavity having a 
toroid shape. 

38. (Original) The resonator of claim 37, the toroid having a thickness of about 
five to about ten micrometers. 

39. (Original) The resonator of claim 29, the ultra-high Q micro-resonator 
having an elliptical shape. 

40. (Original) The resonator of claim 29, the ultra-high Q micro-cavity being 
substantially parallel to a top surface of the pillar. 
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41 . (Original) The resonator of claim 29, wherein a size of the ultra-high Q 
micro-cavity is limited by a size of a top surface of the substrate, 

42. (Canceled) 

43. (Previously Presented) The resonator of claim 29, the ultra-high Q micro- 
cavity having a Q value of about 1 0® to about 5x10®. 

44. (Previously Presented) The resonator of claim 29, the ultra-high Q micro- 
cavity having a diameter of about 10 micrometers to about 30 micrometers and a Q 
value of about 500 million. 

45. (Original) The resonator of claim 29, a resonant mode within the ultra-high 
Q micro-cavity being a whispering-gallery mode (WGM). 

46. (Original) The resonator of claim 29, the substrate comprising a silicon 
substrate. 

47. (Original) The resonator of claim 29, wherein portions of the substrate 
located below the ultra-high Q micro-cavity are removed to form a pillar, the pillar 
supporting the ultra-high Q micro-cavity. 

48. (Previously Presented) The resonator of claim 47, the pillar having a 
tapered shape. 

49. (Previously Presented) The resonator of claim 29, the substrate 
underneath the periphery of the ultra-high Q micro-cavity being removed by an etchant. 

50. (Original) The resonator of claim 49, the etchant comprising xenon 
difluoride (XeF2) gas. 



590919 1 



6 



Patent Docket: 
70120-00005 

51 . (Original) The resonator of claim 50, wherein the XeF2 gas isotropically 
etches the substrate beneath the periphery of the micro-cavity. 

52. (Original) The resonator of claim 29, the heat source comprising an 
Excimer laser. 

53. (Previously Presented) The resonator of claim 52, wherein the Excimer 
laser heats and liquefies the optical material. 

54. (Original) The resonator of claim 29, the heat source comprising a GO2 

laser. 

55. (Original) The resonator of claim 54, wherein the CO2 laser emits radiation 
having a wavelength of about 10.6 micrometers. 

56. (Original) The resonator of claim 54, wherein the CO2 laser heats the 
optical material for about 1 microsecond to about 10 seconds. 

57. (Original) The resonator of claim 54, wherein the CO2 laser heats and 
liquefies the optical material. 

58. (Original) The resonator of claim 29, wherein the optical material 
comprises silica and the substrate comprises silicon. 

59. (Canceled) 

60. (Previously Presented) The resonator of claim 29, the ultra-high Q micro- 
cavity including a dopant. 

61 . (Original) The resonator of claim 60, the dopant being erbium, ytterbium, 
or neodymium. 
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62. (Previously Presented) The resonator of claim 29, the ultra-high Q micro- 
cavity including an optically active component, 

63. (Canceled) 

64. (Canceled) 

65. (Canceled) 

66. (Canceled) 

67. (Previously Presented) A planar micro-cavity resonator, comprising: 
an ultra-high Q toroid-shaped planar silica micro-cavity having a Q value of at 

least 1.00x10^; and 

a silicon substrate; 

wherein portions of the silicon substrate located below a periphery of the 
ultra high-Q toroid-shaped planar silica micro-cavity are isotropically etched to form a 
silicon pillar, the silicon pillar supporting the ultra-high Q toroid-shaped planar silica 
micro-cavity, and wherein light energy traverses along an inner surface of the ultra-high 
Q toroid-shaped planar micro-cavity. 

68. (Withdrawn) A method of forming an ultra-high Q micro-cavity, comprising: 
providing a substrate and an optical material; 

etching the substrate to form a pillar, the pillar supporting the optical material; 

and 

heating a periphery of the optical material so that the periphery melts and 
adheres to itself to form the ultra-high Q micro-cavity having a Q value of at least 1 .00 x 
10^, whereby optical energy travels along an inner surface of the ultra-high Q micro- 
cavity. 
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69. (Withdrawn) The method of claim 68, providing the substrate further 
comprising providing a silicon substrate. 

70. (Withdrawn) The method of claim 69, wherein etching the silicon substrate 
to form a silicon pillar further comprises isotropically etching the silicon substrate with a 
xenon difluoride gas. 

71 . (Withdrawn) The method of claim 69, providing the optical material further 
comprising providing silica (Si02 ). 

72. (Withdrawn) The method of claim 69, wherein heating the periphery of the 
optical material further comprises heating the periphery with an Excimer laser. 

73. (Withdrawn) The method of claim 72, wherein heating the periphery with 
the Excimer laser further comprises liquefying the optical material. 

74. (Withdrawn) The method of claim 69, wherein heating the periphery of the 
optical material further comprises heating the periphery with a CO2 laser. 

75. (Withdrawn) The method of claim 74, wherein heating the periphery with 
the CO2 laser further comprises heating the periphery with the CO2 laser at a 
wavelength of about 10.6 micrometers. 

76. (Withdrawn) The method of claim 74, wherein heating the periphery with 
the CO2 laser further comprises heating the periphery for about 1 microsecond to about 
10 seconds. 

77. (Withdrawn) The method of claim 74, wherein heating the periphery with 
the CO2 laser further comprises liquefying the optical material. 

78. (Currently Amended) A micro-cavity resonator, comprising: 
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an ultra-high Q micro-cavity having a Q value of at least 1 .00 x 10^ and having a 
biotinylated surface , the micro-cavitv being substantially planar : and 

a substrate, portions of the substrate located below the ultra-high micro-cavity 
being removed to form a pillar that supports the ultra-high Q micro-cavity, whereby 
optical energy travels along an inner surface of the micro-cavity. 

79. (Previously Presented) An ultra-high Q micro-cavity resonator, comprising: 
an optical material; and 

a substrate that supports the optical material, wherein 

the optical material is meltable by a heat source so that a periphery 
of the optical material adheres to itself to form an ultra-high Q micro- 
cavity, the ultra-high Q micro-cavity having a Q value of at least 1 .00 x 10^ 
and having a biotinylated surface, and wh e r ei n 
the micro-cavitv is substantially planar, and 
optical energy travels along an inner surface of the ultra-high Q 
micro-cavity. 

80. (Withdrawn) The method of claim 68, further comprising etching the 
optical material. 

81 . (Previously Presented) The ultra-high Q micro-cavity resonator of claim 1 
having a root mean square (rms) roughness of several nanometers. 

82. (Previously Presented) The ultra-high Q micro-cavity resonator of claim 29 
having a root mean square (rms) roughness of several nanometers. 
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INTERVIEW AGENDA 
At the scheduled interview, Applicants intent to discuss the following: 

1 . The proposed claim amendments in view of the prior art of record. Each of 
the independent claims, namely claims 1, 29, 67, 78, and 79, in the application now 
include limitations indicating that the micro-cavity is substantially planar or planar. 

2. The Declaration of Deniz K. Armani in Support of Non-Obviousness. This 
Declaration and the accompanying exhibits have been submitted as evidence to support 
Applicants' assertion that the proposed amended claims are not obvious on the basis 
that the prior art of record could not be modified with a reasonable expectation of 
success to create the subject matter of the claims. A reasonable expectation of success 
is a requirement of establishing a prima facie case of obviousness. See MPEP § 
2143.02; See also, In re Dow Chemical Co., 837 F.2d 469, 473, 5 U.S.P.Q.2d (BNA) 
1529, 1531 (Fed. Cir. 1988) ("Both the suggestion and the expectation of success must 
be founded in the prior art, not in applicant's disclosure."); In re OTarrell, 853 F.2d 894, 
903, 7 USPQ2d 1673, 1681 (Fed. Cir. 1988) (evidence suggesting the modification to 
prior art would be successful was a key factor in a finding of obviousness.). 

Here, Applicants present evidence showing that, at the time the present 
application was filed and for at least 5 years afterward, other independent studies 
confirm that attempts have been made to fabricate planar microresonators, and that 
those attempts have resulted in planar microresonators having Q factors of no more 
than 3 magnitudes less than what is described and claimed in the present application. 

In view of this evidence. Applicants submit that when the respective teachings of 
the prior art of record are considered, a person of skill in the art would have no 
reasonable expectation of successfully fabricating a substantially planar or planar 
microresonator having a Q factor of at least 1 .00 x 1 0® on a substrate. 
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Applicants and the undersigned thank the Examiner for taking the time to review 
these materials in advance of the Interview. 



Connolly Bove Lodge & Hutz LLP 
The Nemours Building 
1007 North Orange Street 
P.O. Box 2207 

Wilmington, Delaware 19899 

(302)658-9141 

(302) 658-56 14 (Fax) 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re the Application of: 


Group Art Unit: 2828 


Deniz K, Armani et al. 


Examiner: Tod Thomas Van Roy 


Serial No.: 10/678,354 




Filed: October 2, 2003 




For: ULTRA-HIGH Q MICRO- 
RESONATOR AND METHOD OF 
FABRICATION 





DECLARATION OF DENIZ K. ARMANI 
SUBMITTED IN SUPPORT OF NON-OBVIOUSNESS 



I, Deniz K Amiani, one of the named inventors In the above-encaptioned patent 

application, hereby declare as follows: 

1 . I am familiar with the timeline associated with the development of the technology 
disclosed In the present application and the subsequent publication reporting on the 
technological developments. The present application claims priority to U.S. Provisional 
Application Serial No. 60/415,412, filed October 2, 2002 (hereinafter the "Priority 
Application"). The technological developments disclosed In the present application were 
publicly reported in an article published as D. K. Armani et al., "Ultra high-Q toroid 
microcavity on a chip," Nature, Vol. 421 , pp. 925-929, Feb. 2003 (hereinafter the 
'Wafure Article"). 

2. I have reviewed the article entitled "Ultrahigh-quality-factor silicon-on-insulator 
microring resonator", as published by Jan Niehusmann et al. in Optics Letters, Vol. 29, 
No. 24, December 15, 2004, a true and conrect copy of which is attached as Exhibit 1. 
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Niehusmann et al. describe the development of Silicon-on-insulator (SOI) microring 
resonators. 

3. Niehusmann et al. state that SOI Integrated technology is anticipated to be highly 
beneficial for the convergence of microelectronics and photonics because due to cost 
savings that can be realized by integrating photonic and electronic functions on the 
same substrate. These same benefits were undei^tood, but not fully realized, in 
October 2002 when the Priority Application was filed. This article also describes 
possible applications for microring resonators having a "high Q factor" or a "very high Q 
factor", such as for telecommunication applications in providing wavelength selective 
filtering, add-drop multiplexing, compact dispersion compensation, and frequency- 
selective coupling, or for chemical or biomolecule sensor applications, or even to 
enhance evanescent-field fluorescence sensing. 

4. The Q factor reported for the SOI microring resonators developed by 
Niehusmann et al. were 139.000 ± 6.000. These SOI microring resonators were 
fabricated directly on a substrate, and Niehusmann et al. reported that the Q factor was 
"much higher than [any Q factor values that] have been reported up to now" for 
integrated microring resonators. Niehusmann et al. recognized a single exception to 
their statement based upon SOI microring resonators fabricated by utilizing surface 
tension in the materials generated by a melting process. In recognizing this exception, 
Niehusmann et al. cited to the Nature Article. Moreover, Niehusmann et al. stated in the 
abstract of the paper that: 

"These [(the Q factor reported)] are believed to be the highest 
values reported for a curved SOI waveguide device and for any 
directly structured semiconductor microring fabricated without 
additional melting-induced surface smoothing." 
(Emphasis added.) 
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5. I have reviewed the article entitled "Silicon Microtoroidal Resonators With 
Integrated MEMS Tunable Coupler", as published by Jin Yao et al. in IEEE Journal Of 
Selected Topics In Quantum Electronics, Vol. 13, No. 2, March/April 2007, a true and 
correct copy of which is attached as Exhibit 2. Yao et al. describe an silicon 
microtoroidal resonator integrated on a substrate with a tunable optical coupler. 

6. In this 2007 paper, Yao et al. report a process for fabricating a microtoroidal 
resonator integral to a substrate that also includes a MEMS-actuated tunable optical 
coupler. The process used to fabricate the microtoroidal resonator is a hydrogen 
annealing process, which enables creation of the microtoroidal structure and preserves 
the desired optical qualities of the microtoroidal resonator. The unloaded Q factor 
achieved by this fabrication process is reported to be as high as 1.0 x 10^. Yao et al. 
indicate that very high Q factors have been demonstrated in 810^, but that because of 
the thermal reflow process used to create such microtoroidal resonators, such 
processes cannot be applied to integrated SOI photonics devices. The thermal reflow 
process refen'ed to by Yao et al. is the one described in the Nature Article authored by 
the named inventors of the present application, which produces microtoroidal 
resonators having Q factors as high as 5 x 10^ 

7. Through my work in developing the technology disclosed In the present 
application, I am now and was, at the time the Priority Application was filed, familiar with 
the state of the art for microring and microdisk resonators. When the Priority Application 
was filed, I was aware of microdisk resonators having Q factors as high as 17,000. 
Those microdisk resonators were constructed from GaAs formed into disks upon a 
pedestal formed from a substrate AIGaAs. The article reporting and describing these 
microdisk resonators was included as part of the Information Disclosure Statement filed 
on March 1 , 2004 as cite No. 7 in the Non-Patent Literature Documents section of form 
PTO/SB/08B. I was also aware of microring resonators having Q factors as high as 
13,000. Those microring resonators were constructed from polymers forming a 
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microring on a siljcon substrate (but not on a pedestal). The articie reporting and 
describing these microdisk resonators was included as part of the information 
Disdosure Statement filed on March 1 . 2004 as cite No. 12 in the Non-Patent Literature 
Documents section of form PTO/S13/08B< At the time the Priority Application was filed, \ 
was not aware, nor am ! cufrentiy aware, of any other microring or microdisk resonators 
achieving Q factors approaching within three orders of magnitude of 10^, other than 
those fabricated using the techniques developed by myself and my co~inventors. 

8. \ have reviewed U.S. Patent No. 6,259,717 to Stone et a!., which is part of the 
prosecution record for the present patent application. Stone et al. do not disciose any of 
microring resonators, microtoroldal resonators, or any other type of substantiaiiy pianar 
microresonator. Rather, Stone et ai, disclose deformed cyiindricai resonators and 
prolate spheroidal resonators as shown in Figs. 3a & 3b, respectively. Moreover, Fig. 5, 
which is a plot obtained by numerical solutions to the wave equation, illustrates 
anticipated Q factors for a cyiindricai asymmetric resonant cavity only. As such, the 
stated theoretical values for such a cylindrical resonator are inapplicable to Q factors 
achievable for microring resonators. 

9. i further declare under penalty of perjury that aii statements made herein of my 
own knowledge are true and that ail statements made on information and belief are 
believed to be true; and further that these staternents are made with the knowledge that 
wiilfui false statements and the like so made are punishable by fine or imprisonment, or 
both, under Title 18, United States Code § 1001, and that such willful false statements 
may jeopardize the vaiidity of the application or any patent issuing thereon, 




DATE 




Decici ration of Non-Obviotjsness 



4 



EXHIBIT 1 



December 15, 2004 / Vol. 29, No. 24 / OPTICS LETTERS 2861 



Ultrahigh-quality-factor silicon-on-insulator 
microring resonator 

Jan Niehusmann, Andreas Vorckel, and Peter Haring Bolivar 

Institut fiir Halbleitertechnik, Rheinisch-WestfdUsche Technische Hochschule Aachen, Sommerfeldstrasse 24, 52056 Aachen, Germany 

Thorsten Wahlbrink and Wolfgang Henschel 

Advanced Micro-electronic Center Aachen (AMIGA), AMO GmbH, Huyskensweg 25, 52074 Aachen, Germany 

Heinrich Kurz 

Institut fiir Halbleitertechnik, Rheinisch-WestfdUsche Technische 
Hochschule Aachen, Sommerfeldstrasse 24, 52056 Aachen, Germany, and 
Advanced Micro-electronic Center Aachen (AMIGA), AMO GmbH, Huyskensweg 25, 52074 Aachen, Germany 

Received May 27, 2004 

The development of ultrahigh-quality-factor (Q) silicon-on-insulator (SOI) microring resonators based on silicon 
wire waveguides is presented. An analytical description is derived, illustrating that in addition to low propa- 
gation losses the critical coupling condition is essential for optimizing device characteristics. Propagation 
losses as low as 1.9 ±0.1 dB/cm in a curved waveguide with a bending radius of 20 yum and a Q factor as 
high as 139.000 ± 6.000 are demonstrated. These are believed to be the highest values reported for a curved 
SOI waveguide device and for any directly structured semiconductor microring fabricated without additional 
melting-induced surface smoothing. © 2004 Opticsd Society of America 
OCIS codes: 130.3120, 230.5750. 



Silicon-on-insulator (SOI) technology is a promising 
platform for the convergence of microelectronics and 
photonics. It has a large potential given the high pho- 
tonic integration capabilities that are made possible 
by the high refractive-index contrast between silicon 
and typical cladding materials, the natural vertical 
confinement of optical waves given by the buried 
oxide layer, and the potential cost-efficient integration 
of photonic and electronic functions on the same 
substrate given by silicon technology. ^'^ However, at 
the same time, these beneficial characteristics lead 
to stringent manufacturing tolerances and a high 
sensitivity to surface roughness, as the higher refrac- 
tive index of silicon in comparison with silica implies 
smaller silicon wire waveguide dimensions.^ It is 
therefore critical to optimize manufacturing tolerance 
and to minimize surface roughness to facilitate useful 
low-loss SOI photonic solutions.^ 

In this Letter we present the development of 
high-quality SOI microring resonators based on sil- 
icon wire waveguides. These microrings can find 
direct application in the areas of telecommunication, 
sensors, quantum electrodynamics, and nonlinear 
optics.^ For telecommunication, microrings have 
a multitude of applications, allowing wavelength- 
selective filtering, add -drop multiplexing, compact 
dispersion compensation, and frequency-selective cou- 
pling in optical networks.^"® Additionally, microrings 
are excellent model systems for deriving fundamen- 
tal properties of curved waveguides as a crucial 
building block of photonic integrated circuits. Here 
we demonstrate a microring resonator with maxi- 
mized quality factor Q to illustrate and quantify the 
low loss that can be achieved by use of an improved 
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SOI process technology. Although the high Q factor 
demonstrated here surpasses typical needs of actual 
telecommunication data channels, the associated 
low loss is an indicator of the large degree of free- 
dom in the future design of more complex and very 
large scale integrated telecommunication components 
that can be achieved with advanced SOI waveguide 
technology. 

Microrings with a very high Q factor can also 
be used directly for sensor applications, where the 
dielectric loading and concomitant frequency shift 
of a resonator are used to monitor chemicals or 
biomolecules^'^° or the higher field in the resonator 
is used to enhance evanescent-field fluorescence 
sensing. In this type of application higher Q factors 
allow smaller resonance shifts to be detected. The 
internal field enhancement also increases sensitivity. 
Ultrahigh-Q optical microcavities with Q factors of 
up to 8 X 10^ were recently demonstrated by use of 
microspheres.^^ However, these and similarly attrac- 
tive microtoroids demonstrated in silicon^^ make use 
of the formation of ultraflat surfaces on the spheres 
and (or) microtoroids by using the surface tension 
during a melting process. This makes integration 
into photonic circuits and the dimensional control of 
the device during manufacture problematic. Here 
we present directly structured SOI-based microring 
resonators with Q factors that are much higher than 
have been reported up to now. 

For proper design and optimization of a high-quality 
resonator, several aspects have to be considered. Most 
obviously, a sharp resonance, i.e., a high Q, is desired 
to observe small resonance wavelength shifts, which is 
necessary for sensing or switching applications. The 

© 2004 Optical Society of America 
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Q factor of a microring resonator coupled to a single 
waveguide is given by 



Q 



Ao 2 arccos{[l - U/r + (t/T)^y(-2t/T)} 
Ao 



AAsdB 



(1) 



where rieff is the effective index of refraction of the 
propagating mode in the microring, Ao is the resonance 
wavelength, L is the length of the microring, t is the 
field transmission coefficient at the waveguide - 
resonator coupling, and r = exp{-aL/2) is the at- 
tenuation of the field per round trip for a microring 
resonator with attenuation constant a.^^ A reason- 
ably noticeable shift of the resonance wavelength 
should be of the order of AAdetect ~ V2AA3dB. Thus 
it is evident that high Q factors are necessary for 
sensitive switching or sensing devices. The Q factor 
of an actual device depends on the chosen geometry, 
which determines parameters t, L, and Ueff in Eq. (1), 
and on the propagation losses in the ring, which 
determine r. 
For tT close to 1, Eq. (1) can be approximated by 



Q = 



27ryieff L 
Ao -2\ntT 



(2) 



i.e., Eq. (1) is dependent on the product tr, which 
sums up propagation and coupling losses. Coupling 
losses are a free design parameter. Hence it is useful 
to estimate the maximum achievable Q factor that can 
be achieved with a given technology from the propa- 
gation loss a = -2(ln r/L) inside the cavity. Ne- 
glecting the coupling loss to external waveguides, the 
maximum achievable Q factor can easily be deter- 
mined from Eq. (2) as 



Qlimit — 



27rn, 



eff 



Ao -2 In r 



Ao a 



(3) 



Minimizing losses is therefore of prime importance 
for the development of ultrahigh-Q microcavities. In 
the case of SOI-based waveguide technology, low prop- 
agation losses can only be achieved with ultrasmooth 
waveguide surfaces, requiring specific optimized pro- 
cessing steps. 

For reliable detection of a resonance shift or switch- 
ing event, a large throughput attenuation of the signal 
of the coupled waveguide as a result of the resonance in 
the microring is necessary. This can be achieved by 
critical coupling, where complete throughput attenu- 
ation at resonance is achieved. The condition for crit- 
ical coupling is given by ^ = r in Eq. (1).^^ In that case 
the Q factor of the microcavity is given by Qcriticai = 
Qlimit /2. Thus, for practical sensor applications only 
half the maximum Q factor that is possible as a result 
of the propagation loss can be used effectively. 

A further technical parameter of importance is the 
cavity field enhancement. For applications based 
on a nonlinear material response, such as photonic 
switching, stronger fields inside the resonator induce 
larger shifts of the resonance wavelength, lowering. 



e.g., switching thresholds. The field enhancement 
factor at critical coupling conditions is given by 



FE, 



'critical 



vr 



(4) 



Here again, the maximum field enhancement coincides 
with a low propagation loss per round trip in the cavity. 
Therefore low propagation losses are the key issue in 
addressing most of the general requirements of micro- 
ring resonators. 

Several wire waveguide microrings based on SOI 
technology have been reported.^'^"^ However, be- 
cause of technological restrictions, the Q factor has 
been limited to values of the order of 2.500. Two 
aspects are optimized here, in comparison to former 
approaches'^: an optimization of the pattern gen- 
eration during electron-beam lithography (EBL) is 
performed, and the surface roughness during pat- 
tern transfer to the silicon waveguides is optimized. 
The waveguides are fabricated on SOI substrates 
consisting of a 1-yLtm-thick buried oxide layer and a 
0. 45 -/Ltm- thick device layer. For the waveguides a 
width of 0.5 fim has been chosen. The devices are 
defined by EBL using hydrogen silsesquioxane as an 
EBL resist.'^ Corrections are performed on the EBL 
pattern generation by preprocessing the microring 
into minimal feature size polygons. This minimizes 
the rectangular discontinuities that are characteristic 
of standard pattern generation of curved structures 
and that can reach several tens of nanometers. Pat- 
tern transfer is achieved by HBr inductive coupled 
reactive-ion etching, which selectively stops at the 
Si/Si02 interface, optimizing the etching parameters 
to minimize surface roughness. The input and output 
facets of the waveguides are prepared by cleaving the 
sample. A scanning electron microscope image of a 
typical device is depicted in Fig. 1. 

For device characterization a commerical measure- 
ment setup consisting of a tunable external cavity diode 
laser and a photodiode is used. TM-polarized light 
(electric field perpendicular to the device plane) is butt 
coupled to the input by a polarization-maintaining op- 
tical fiber. The light at the throughput waveguide is 
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Fig. 1. Scanning electron micrographs of a SOI microring 
resonator with a radius of 20 yLtm, including an overview 
and a coupling region closeup (inset). 
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Fig. 2. Measured insertion loss and fit of analytical trans- 
fer function of a SOI microring resonator of radius r = 
20 /mm, with AA = A - 1547.680 nm. 

butt coupled to a multimode fiber connected to a pho- 
todetector. The analytical transfer function of the de- 
vice is given by^^ 



^2 _ 



2tr cos (f> -\- 

1 - 2tT cos <^ + (^t)2 



(5) 



where (/> = 27r(Leff/A) = (47r^reff?ieff)/A is the phase 
shift per round trip around the resonator. Figure 2 
shows the measured insertion loss spectrum of a SOI 
microring resonator with a radius of r = 20 /xm and 
a gap of 0.25 /xm between the microring resonator and 
the adjacent waveguide. The analytical transfer func- 
tion |S2il^ is fitted to the resonance at the wavelength 
A = 1547.68 nm, and Ueff = 2.5864 is derived from the 
resonance wavelengths. The fit yields values of ^ = 
0.9980 ± 0.0002 and r = 0.9973 ± 0.0001, demonstrat- 
ing that favorable critical coupling has nearly been 
achieved. Therefore a significant throughput attenu- 
ation of -15 dB at resonance is observed. The super- 
posed oscillation is due to Fabry-Perot effects in the 
periphery of the device. As |S2il^ is invariant to com- 
mutation of t and T, we chose the conservative values 
where t > r; i.e., attenuation of the wave propagating 
through the ring is higher than coupling from the ring 
to the waveguide. This choice does not influence the 
Q factor, but it means that the propagation loss may 
actually be even lower than calculated below. 

Applying Eq. (1) to the fitted parameters yields a 
Q factor of Q « 139.000 ± 6.000, which agrees with 
a direct linewidth estimation. As an illustration, this 
means that using this resonator as a sensor allows the 
detection of a resonance wavelength shift as low as 
AAdetect ~ 0.006 nm, which can easily be detected as 
a -3-dB signal change. This wavelength shift corre- 
sponds to a shift of the effective refractive index of as 

low as A^eff,(ietect ^ 1-7 X 10"^. 

Taking r obtained from the fit of IS21P to the ex- 
perimental data and the length L of the device, the 
propagation loss inside the microring resonator can be 
deduced from 



4-1= 

Lcm J 



-2 X 10^ logio(T) 
L[/xm] 



For the resonance shown in Fig. 2, Eq. (6) gives a prop- 
agation loss of a ~ 1.9 ± 0.1 dB/cm. To our knowl- 
edge this is the lowest propagation loss reported for a 
SOI ring resonator or any curved SOI wire waveguide 
fabricated by reactive-ion etching without any further 
smoothing steps [e.g., melting and (or) thermal oxida- 
tion] . This result is similar to the best values reported 
for straight SOI waveguides. 

In summary, we have presented the design, fabrica- 
tion, and optical characterization of ultrahigh-Q SOI 
microring resonators. We illustrate that, in addition 
to a minimization of losses to attain a high Q factor, 
the condition of critical coupling is of fundamental 
relevance for achieving high-efficiency devices. We 
demonstrate the development of microring resonators 
based on an optimized SOI fabrication technology, 
yielding what is to our knowledge the highest Q factor 
of 139.000 ± 6.000 and the lowest propagation loss 
without additional smoothing steps ever reported for 
SOI ring resonator technology. 

The authors thank P. Kersten for motivating this 
work. This work was supported by European Com- 
mission contract IST-2001-38919 (PHOENIX) and the 
Ministerium fur Wissenschaft und Forschung des Lan- 
des Nordrhein Westfalen. J. Niehusmann's e-mail ad- 
dress is niehusmann@iht.rwth-aachen.de. 
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MEMS Tunable Coupler 
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Abstract — A single crystalline silicon microtoroidal resonator 
with integrated MEMS -actuated tunable optical coupler is demon- 
strated for the first time. It is fabricated by combining hydrogen 
annealing and wafer bonding processes. The device operates in 
all three coupling regimes: under-, critical, and over-coupling. We 
have also developed a comprehensive model based on time-domain 
coupling theory. The experimental and theoretical results agree 
very well. The quality factor (Q) is extracted by fitting the experi- 
mental curve with the model. The unloaded Q is as high as 110 000, 
and the loaded Q is continuously tunable from 110 000 to 5400. 
The extinction ratio of the transmittance is 22.4 dB. This device 
can be used as a building block of resonator-based reconfigurable 
photonic integrated circuits. 

Index Terms — Integrated optics, optical resonators, surface 
roughness, tunable. 

I. Introduction 

OPTICAL microresonators are key enabling elements for 
compact filters [1], lasers [2], electro-optic modulators 
[3], add-drop multiplexers [4], optical dispersion compensators 
[5], delay lines [6], nonlinear optical devices [7], and optical 
sensors [8], [9]. The performance of microresonators depends 
on two parameters: the quality factor (Q) of the resonator and 
the coupling ratio between the waveguides and the resonator (k) . 
Microfabricated resonators with very high Q has been demon- 
strated in Si02 [ 10] and Si [ 1 1 ] . The coupling ratio needs to be 
controlled precisely to achieve optimum performance [12]. This 
has been achieved by adjusting prism couplers in fused silica 
microsphere resonators [13] or by moving tapered fiber cou- 
plers [14]-[16] with piezo-controlled micropositioners. How- 
ever, such setups are bulky and cannot be integrated. In mi- 
croresonators with mtegrated waveguides, the coupling ratio is 
determined by the fabrication process [17]. The value of k or, 
perhaps more importantly, its relation with the cavity Q, can- 
not be controlled precisely. Some trimming processes have been 
proposed to control the resonance frequency, bu t no t ac [ 1 8] , [ 1 9] . 

Recently, microresonators with tunable coupling ratios have 
been reported [20]-[23]. A Mach-Zehnder interferometer 
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(MZI) has been integrated with a racetrack resonator [20]. 
The resonator can operate in all coupling regimes (uncoupled, 
under-, critical, or over-coupled). An unloaded Q of 1.9 x 10^ 
and an On-Off ratio of 18.5 dB have been achieved. However, 
the chrcumference of the resonator is rather large (1430 fim) due 
to the long MZI structure, which limits the free spectral range 
and the footprint that it can achieve. Recently, microfluidic ap- 
proach has also been employed to tune both the resonance wave- 
length and the coupling ratio of low-index microring resonators 
made in SU8 [23]. The refractive index of the surrounding me- 
dia was varied by mixing two different liquids. Critical coupling 
with an extinction ratio of 37 dB have been attained. However, 
index variation is small (^0.04), which limits the tuning range 
of AC. In addition, the tuning speed is slow (~ 2 s) and the fluidic 
packaging is cumbersome. 

Previously, we have reported the first silicon microdisk 
resonator with integrated microelectromechanical systems 
(MEMS) tunable coupler [21], [22]. By physically changing 
the gap spacing between the waveguide and the resonator, k can 
be varied over a wide range (0 to 34%) and a high Q (100 000) 
have been achieved simultaneously. Tunable dispersion com- 
pensators (1 85 to 1200 ps/nm) have also been demonstrated [22]. 
One drawback of that device is the lack of radial mode control 
in microdisk resonators, which could produce additional res- 
onances due to high-order modes. In this paper, we report on 
the first single crystallhie silicon microtoroidal resonator with 
MEMS tunable optical coupler. Microtoroidal resonators offer 
tighter confinement of the optical mode and eliminate multiple 
radial modes observed in microdisks. Microtoroidal resonators 
have been made m Si02 by thermal reflow [10], however, such 
process cannot be applied to single crystalline structures. In- 
stead, we use hydrogen annealing to create three-dimensional 
toroidal structures while preservmg the single crystalline qual- 
ity [24]. To integrate the microtoroidal resonators with MEMS 
tunable waveguides, we have combined the hydrogen annealing 
process with wafer bonding technique. All the three coupling 
regimes have been demonstrated, with the loaded Q tunable 
from 110 000 to 5400. 

II. Device Design and Fabrication 

A. Device Structure Design 

The schematic of the tunable microtoroidal resonator is shown 
in Fig. 1 . Two suspended waveguides are vertically coupled to a 
microtoroidal resonator. It is realized on a two-layer silicon- on- 
insulator (SOI) structure. The microtoroid and the fixed elec- 
trodes of the MEMS actuators are fabricated on the lower SOI 
layer, while the suspended waveguides are integrated on the up- 
per SOI. The initial spacing between the microtoroid and the 
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MEMS-Actuated 




Fig. 1. (a) Schematic of the microtoroidal resonator with integrated MEMS 
tunable couplers. At zero bias, the initial spacing is large enough to ensure negli- 
gible coupling between the resonator and the waveguide coupler, (b) Schematic 
of the microtoroidal resonator with integrated MEMS tunable couplers under 
biased actuation. Lower waveguide is pulled downward to increase coupling, 
while the upper waveguide remains straight (uncoupled). 

waveguides is 1 jLim. It is chosen so that there is negligible cou- 
pling at zero bias, as shown in Fig. 1(a). With iacreasing volt- 
age bias between the waveguide and the fixed electrodes, the 
suspended waveguide is pulled down toward the microtoroid, 
increasing the optical coupling exponentially, as illustrated in 
Fig. 1(b). 

This design enables us to bias the microtoroidal resonator 
in all coupliag regimes: under-couplmg, critical coupling, and 
over-coupling, or even decoupled from the waveguide bus. De- 
tails of the MEMS actuator design have been reported in [22]. 

There is a design tradeoff m the doping concentration of the 
Si device layers. High doping is desired for the MEMS actua- 
tion, while low doping is necessary to minimize the optical ab- 
sorption due to free carriers. Fortunately, electrostatic actuation 
does not require low resistivity. With a doping concentration of 
10^^ cm~"^ (n-type dopants), a resistivity of 10 il cm and an opti- 
cal loss smaller than 0.01 cm~^ can be achieved. This absorption 




Horizontal Direction (}jm) 



Fig. 2. Optical mode profile of the toroid for TE-like polarized light at 
1.55 //m. 

coefficient corresponds to a Q of 10^ for microresonators if it is 
the dominant loss. 

B. Waveguide Design for Phase Matching 

Phase matching between the waveguide and the resonator is 
important to achieve an efficient coupling. Phase matching is 
satisfied when the two wave modes have the same propagation 

constant f3. 

We calculated the propagation constants of the microtoroid 
with the actual shape produced by hydrogen annealing using 
beam propagation method (BPM).^ The optical field profile of 
the toroidal resonator at 1 .55-/im wavelength is shown in Fig. 2. 
We used the following parameters in the calculation: refractive 
indexes of Si and air are 3.46 and 1.0, respectively; the bend 
radius of the toroid is 19.5 /im; and the radius of the toroid 
is 200 nm. It supports only one TE-like optical mode tightly 
confined to silicon. 

Phase matchhig is achieved by controlling the dimensions of 
the waveguide. Fig. 3 shows the calculated propagation con- 
stants of the waveguide (lines) and the microtoroid (dots) ver- 
sus wavelength for various waveguide dimensions. Here, we fix 
the waveguide width at 0.69 fim, the smallest linewidth that 
can regularly be produced by our lithography tool (10: 1 reduc- 
tion stepper). As shown in Fig. 3, the waveguide with 0.25-/xm 
thickness is best matched to the microtoroid mode over a wide 
wavelength range around 1550 nm. 

C. Fabrication Process 

Our vertically coupled tunable microresonator was fabri- 
cated on a two-layer SOI using the wafer bonding process. 
The main challenge, here, was the nonplanar topography of the 
micro toroids that prevents the tight contact necessary for wafer 
bonding. We solved this problem by thinning the edges of the 
microdisks before hydrogen annealing so that the microtoroid 
surface was lower than the surroimding planar area. The detailed 

^http://www.rsoftdesign.com/products/component_design/BeamPROP/ 
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Fig. 3 . Calculated propagation constants of the waveguide and the microtoroid 
versus wavelengths for various waveguide thicknesses, t The width of the 
waveguide is fixed at 0.69 /xm. 
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Fig. 4. Fabrication process for the tunable microtoroidal resonator. 



fabrication process is shown in Fig. 4. First, microdisks were 
patterned and etched on an SOI wafer with a 350-nm-thick de- 
vice layer. The edges of the disks were thinned down to 200 nm 
by thermal oxidation. This allowed room for the microtoroids to 
expand in the vertical direction during hydrogen annealing. The 
sample was then partially released in buffered HF and annealed 
in 10-Torr hydrogen ambient at 1050 °C for 5 min, creating a 
toroidal rim around the disks . The hydrogen annealing condition 
was optimized for the fomiation of the microtoroids, as reported 
in [24], [25]. A second SOI wafer with a 700-nm-thick device 
layer was themially oxidized to create a Si02 spacer of l-/im 
thickness. After oxidation, the thickness of the device layer was 
reduced to 250 nm. The toroid wafer was then fusion-bonded to 
the SOI wafer, whose substrate was subsequently removed to re- 
veal the second SOI layer. The microtoroids were visible through 
the thin SOI layer, and the waveguide patterns were aligned to 
the edges of the underneath microtoroids. Fmally, the waveg- 
uides around the toroids were released in buffered HF and super- 
critical dryer. In addition to creating a toroidal shape, the hydro- 




Fig. 5. SEM of the microtoroidal resonator and the suspended waveguides. 
Inset shows the cross -sectional view of the microtoroid. 
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Fig. 6. Experimental setup for optical characterization. Amplified spon- 
taneous emission (ASE) source is used (a) for quick measurement of the 
spectral response and (b) while the tunable laser provides high-resolution 
characterization. 



gen annealing also reduced the surface roughness (to < 0.26 nm 
as reported in [26]), which was critical to attain high Q. 

The scanning electron micrograph (SEM) of the fabricated 
device is shown in Fig. 5. The dimensions of the waveguides are 
measured to be 0.69-ptm wide and 0.25-/im thick, very close to 
the designed parameters. The resonator exhibits a very smooth 
sidewall. 

EL Optical Characterization 

The optical performance of the tunable microtoroidal res- 
onator is tested using either a broadband amplified spontaneous 
emission (ASE) source (Optic Wave Mini BLS-C-13) or a tun- 
able laser (Agilent 8 1680A), as shown in Fig. 6. Light is coupled 
to the waveguides by polarization-maintaining lensed fibers. 
A calibrated optical power meter (HP 8 15 3 A) and an optical 
spectrum analyzer (OS A) (ANDO AQ6317B) are placed at the 
output to measure the transmitted power. The ASE provides a 
broadband source for quick measurement over a wide spectral 
range, while the tunable laser is used for high-resolution charac- 
terization. We have used TE -polarized input, which is attained 
by a linear polarizer and a polarization controller. 

To actuate the waveguide, a voltage bias is applied to the fixed 
electrodes while the waveguide is grounded. At zero bias, almost 
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Fig. 7. Measured optical spectrum of a microtoroidal resonator at a bias 
voltage of 67 V. Measured free spectral range (FSR) of the TE mode is 5.2 nm. 



100% of the light is transmitted to the output port. With increas- 
ing bias, sharp dips gradually appear in the transmission spec- 
trum (Fig. 7). Each dip corresponds to a resonance wavelength. 
The free spectral range (FSR) of the TE mode is measured to 
be 5.2 nm. The small ripples are due to the reflections from the 
cleaved facets (Fabry-Perot effect). They can be eliminated by 
antireflection coating of the facets. Only a resonance peak is ob- 
served within each FSR, confirming the successful suppression 
of multiple radial modes observed in microdisk resonators. 

The integrated tunable coupler enables the microresonator to 
operate in all coupling regimes. At low voltage, the microres- 
onator is under-coupled. Fig. 8(a) shows the normalized trans- 
mission spectra of the resonator around one of the resonant 
wavelengths at 1548.2 nm at bias voltages of 51.0, 56.0, and 
64.8 V. As the voltage increases, the optical coupling becomes 
stronger, leading to a larger dip at resonance. The three cou- 
pling regimes are clearly visible in Fig. 8(b), which plots the 
normalized transmittance at the resonant wavelength changes as 
a function of the applied voltage. In the under-coupling regime 
(Vbias < 114 V), the transmittance decreases continuously with 
the increasing voltage. The transmittance reaches a miaimum 
at critical coupling (V bias = 114 V). The extinction ratio is 
measured to be 22,4 dB at critical coupling. Further increase 
in voltage moves the resonator into the over-coupling regime. 
The increase in transmittance is accompanied by a broadening 
of the resonance linewidth since the coupling to waveguide is 
now stronger than the intrinsic loss of the resonator. 

IV. Theoretical Modeling and Analysis 

According to the time-domain coupling theory [1], the optical 
transfer function of the microresonator can be expressed as a 
function of resonant frequency (ujq) and amplitude decay time 
constants tq and Tg , due to intrinsic loss and external coupling 
respectively 
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Fig. 8. (a) Measured normalized optical spectra of a microtoroidal resonator 
at bias voltages of 51.0, 56.0, and 64.8 V. (b) Nonnalized transmittance at 
resonance versus actuation voltage. Microresonator can be tuned continuously 
from under -coupling regime to over-coupling regime. 



where ires is the amplitude transfer function of the 
microresonator. 

Alternatively, the transfer function can also be expressed in 
terms of the unloaded quality factor Qo and the external quality 
factor Qe 



^res — 



(2) 



where Qo = Qe = uJore/2, and the loaded quality fac- 

tor Ql is defined as 



^ - _L _L 

Ql ~ <3o ^ Qe 



(3) 



The measured spectra are usually complicated by the Fabry- 
Perot resonance between the two cleaved facets, as illustrated in 
Fig. 9. To model the measured spectrum more precisely, and ex- 
tract the Q values of the resonator more accurately, particularly 
when the resonance peak is small, we develop a comprehensive 
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Fig . 9 . S ch ematics illus trating the interac tion between the microresonator and 
the Fabry-Perot resonance of the coupling waveguide. 



model that includes both the effect of the microresonator and 
the Fabry-Perot ripples. 

The total transmission itot is now a summation of multiple 
transmissions through the waveguide, as shown in 

^tot = (1 - exp(-aL) exp(j/cLneff)ires 

+ (1 - rfr'' exp(-3aL) exp(j(3A:Lneff + 2(j>^))tl^, 
+ (1 - r)2rSxp(-5aL) exp(j(5A;Lneff + 4</>r))43 

(4) 

where r is the amplitude reflection coefficient at the facet of 
the silicon waveguide, a is the optical loss per unit length in 
the waveguide, L is the length of the waveguide, k is the free- 
space propagation constant, rieff is the effective refractive index 
of the Si waveguide, and (p^i is the optical phase change at the 
reflection per interface. Since there is a tt phase shift at the 
reflection interface, the total transmission itot can be simplified 
to 

^tot = (1 - exp(-aL) exp(jA;Lneff )ires 
{1 + exp(-2aL) exp(j2A:Lneff )ires 
+ exp(-4aL) exp(j4A:Lneff)ires + ^} 
= ao(l + g + <?^+q'^ + L) 

ao 



l-q 



(5) 



where ao = (1 — r)^ exp(— aL) exp(jA:L?7.eff)ires, and q = 
exp(— 2aL) exp(j2/;:LnefT)tres- 

In this derivation, we have assumed that the backscattering 
effect is small and can be neglected. The total intensity trans- 
mittance is then given by 



(6) 



To include the effect of waveguide dispersion, the phase factor 
kLuefi is replaced by 
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Fig. 10. (a) Measured and modeled spectra at 0 V (microresonator is decou- 
pled), (b) Measured and modeled spectra at 64.8 V (microresonator is under- 
coupled), (c) Measured and modeled spectra at 130 V (microresonator is over- 
coupled). 



The quality factors Qq and Ql are extracted from the mea- 
sured optical spectra by least-mean- square-error fitting to the 
model. Fig. 10 shows the measured and the fitted spectra 
around the resonance peak at 1548.2 nm when the resonator is: 
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a) decoupled; b) under-coupled; and c) over-coupled. The exper- 
imental data agree very well with the theoretical model. From 
the fitted spectral response, the unloaded quality factor Qo of the 
microtoroidal resonator is extracted to be 110 000. The loaded 
Q, i.e., Ql, is continuously tunable from 110 000 to 5400, 
exhibiting a timing ratio of more than 20: 1 . 

The model described in this paper fit not only the resonance 
peak but also the ripples due to Fabry-Perot resonance. The 
quality factor extracted by this method is more accurate than 
by the lumped resonator model alone [27], especially when the 
resonance peak is small. 

V. Discussion 

Hydrogen annealing is a simple and powerful technique to 
fabricate suspended microring resonators with high-quality fac- 
tor and single radial mode. Comparing the etched ring with 
tethered anchor [17], the seamless toroidal structure has lower 
scattering loss and higher Q. The hydrogen annealing process 
also greatly reduces the surface roughness, as confirmed by the 
high Q measured in our devices. These tunable microresonators 
described in this paper can be cascaded to form reconfigurable 
optical add-drop multiplexers, wavelength- selective switches, 
and crossconnects. It can also be used for bandwidth-tunable 
filters in dynamic optical networks. With the successful sup- 
pression of multiple radial modes, we expect the microtoroidal 
resonator to have even larger bandwidth tuning ratio than the 
microdisk-based filters in [28]. 

VI. Conclusion 

We have successfully demonstrated a novel single crystalline 
silicon microtoroidal resonator with MEMS -actuated tunable 
optical coupler. It is fabricated by combining the hydrogen an- 
nealing and the wafer bonding processes. We have achieved 
an unloaded Q of 110 000 for a 39-/xm-diameter resonator 
with a toroidal radius of 200 nm. The device is able to op- 
erate in all the three coupling regimes: under-, critical, and 
over-coupling. The resonator can also be decoupled from the 
waveguide, allowing them to be cascaded without loading the 
waveguides. We have developed a detailed model combining 
the time-domain coupling theory with the Fabry-Perot reso- 
nance of the waveguide. The experimental and the theoretical 
results agree very well. The loaded Q is continuously tunable 
from 110 000 to 5400. This device has potential applications 
in variable-bandwidth filters, reconfigurable add-drop multi- 
plexers, wavelength-selective switches and crossconnects, and 
optical sensors. 
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place the claims in condition for allowance. Firstly, the primary reference, McCall was 
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a similar structure. Therefor this limitation has previously been shown to be found in 
McCall. 

Stone is believed to be relevant prior art as the shape of the device taught is 
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resonators ([0005]). Therefor, the shape of Stone is believed to be near enough to that 
of McCall to be a reasonable combination to one of ordinary skill in the art. 

As to Stone teaching how to make such a device, the Examiner refers to the 
arguments posed in the Final office action included below: 

The Applicant has argued that the combination of McCall in view of Stone is not 
proper as a reasonable expectation of success is not established. The Examiner does 
not agree. 

McCall was used in the rejections to teach a high Q micro-resonating device. 
McCall failed to teach the device to have a Q value of at least 1x10^8. Stone was 
presented to teach that high Q micro-resonator devices similar to McCairs can be 
created to have Q values exceeding the claimed value. Stone demonstrates this in the 
plot shown at fig. 5. Motivation was then presented to demonstrate a reason to combine 
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According to MPEP 2142, all of the claimed limitations must be taught or suggested. 
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plot of Stone outlines only theoretical possibilities. The Examiner agrees that it is not 
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clearly stated that Stone has created a device that corresponds to each and every point 
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made over McCall in view of Stone would be considered both proper and reasonable to 
one of ordinary skill in the art. 

The Examiner notes tliat the status of the claims remains the same as that in the 
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